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Preface 


In operating the Spectroscopy Laboratory of the Massachusetts 
Institute of Technology, tlie authors have for some years felt the 
need of a text and reference book that would help the worker in any 
branch of science to evaluate the aid which the techniques of spec- 
troscopy iniglit lend to the solution of his ow^n problems. In our 
attempt to fill this need, we, as a physicist, a chemist, and a bio- 
physicist, respectively, have tried to synthesize our three viewpoints 
in a way tliat would be helpful to all who use or might use tlie tech- 
niques of exp crimen tnl spectroscopy. 

Since other texts arc available which present clYectivcly tlie history 
of spectroscojiy, wc have avoided tlic hi.storical method of approach 
and lijivc attcmjited rather to give a comprehensive view of the 
status and possibilities of experimental si)cetroscopy ns it exists 
today. Because the subject matter to be covered is so extensive, 
wc liavc had to choose between comprehensive and exhaustive cover- 
age and have selected tlie foriiier alternative. 

Ill Chapter 1 we view the field as from a great altitude, to enable 
the reader wlin is innicquainted with llie methods and aceomplish- 
incuts of spectros(?oi)y to judge for himself wliicOi parts, if any, may he 
of jinportaiice to him. In the i-enmiiider of the book we reconsider 
the various topics in considerably greater detail. Wc have en- 
deavoured to iiicliide n siifiicicnt number of appropriate specific 
refei’ciicos to the literature to enable Lhe reader to investigate still 


iiioi-e closely subjects which may directly concern him. 

Ilefemice.s to specific points are given as footnotes; at the ends of 
most chapters appropriate geiieru! references are also given. While 
the bibliogni])hy is not intended to he exhaustive, wc have attempteil 
in specific references to cite both tlie original and the most iip-to-dale 
treat men t of the topic involved, and in the general references lo 
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covci the subject broadly. Since we discuss many topics from 
several viewpoints, we Iiavc made liberal use of ci'oss-rcfcrcuccs. 

A book covering spectroscopy from several aspects is likely to con- 
tain a certain amount of inconsistency in terminology. Resolution 

of sudi inconsistencies is not mode simpler by the fact tliiit the sym- 
bology of spectroscopy is far from stabilised. 

VVe gratefully acknowledge tlie courtesy of the Tcclinology Press, 
John Wiley and Sons, tlie McGraw-Hill Book Co., Inc., Prentice- 
Hall, Inc., and others as specified later, for pcrinksion to mprodiicc 
figures and tables, and appreciate deeply the willing conpenition of 
the various manufacturers of spectroscopic equipment who have 
furnished illustrations of appoi'atus, as credited in each instance. 
We ore especially grateful for the suggestions of Messrs. W. II. Brode, 
B. S. McDonald, W. P, Meggers, K. W. Meissner, R. A. Sawyer, 
A. L. Seboen, and Van Zandt Williams, each of whom has read uiid 
critieiKed one or more chapters dealing with his own specialty. We 
also thank Professor Donald H. Mcnzcl, editor of the series of wliicdi 
the book forms a part, for his suggestions regarding the mamiseripl. 

George R. Harrison 
Riehnrd (h Lord 
John R. Loofbourow 

Cambridge, Massachusetts 
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CHAPTER 1 


Spectroscopy as a Scientific Tool 


The accomplish aientb achieved hy scientihth tlirougli use of the 
spcctrosnopc form a list so imposing ns to leave no doubt that this 
instnimcnt is one of the moat powerful now available for investigating 
the nutui'al universe. But spectroscopy is vnlunbic not only to the 
resell rch scientist; it finds everyday and increasing use in technolog- 
ical luboriituries. Today directors of such varied enterprises as 
factories, assay offices, arsenals, mines, crime detection bui'eaus, 
])ublic health departinciits, hospitals, museums, aiul technical re- 
sell rch insLitiites consider access to spectroscopic equipment essential 
to the proper functioning of their laboratories. 


TUB SPBCTllUM 

A spectrum lias luien defined as the ordered arrangement of radiation 
nceording to wavelength. Bleclroniagnelic radiations have been dis- 
covered that liiive M'avelengtlis of every value in the range from 
Llioiisands of kilometers to IriliioiiLlis of a millimeter. A complete 
elec tmin ague Lie speiri.nun would comprise all these radiations ar- 
range 1 in oriier from the longest to the shortest wavelengths. Since 
no single iiislrument exists lliat will st^parnlc radiation eontaining all 
these wavelengths into a speeLrinn, the eleclrom ague tic spectrum has 
been divideil into various '^Tgioris*' in aceorilaiice with the types of 
insl rumen Is nvailahlc to ])rodncc and detect the waves of various 
Icnglhs. 

Long electromagnetic waves, upwards of a meter in length, can be 

separated from each oilier by means of ordinary tuned radio cireuits. 

Sliorler waves, down to a few inilliinelers long, can be analyzed by 

111 ierfi wave e(|uipineiil. When absorbed by in at ter, all elecLro- 

iT I ague lit; waves produce heal. Since waves sliorler Ilian a few 

inilliinelers and longer I ban about ‘1 X it) ^ rnm can be deteeleil by 

1 
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this effect more readily than by any other, they are often called heat 
waves^ The range of waves from a few millimeters to 2,5 X 10“® mm 
in length is known as the/ar infrared region ; that from 2.5 X 10"^ to 
7.5 X mm is known as the near infrared. Waves that can be 
seen by the eye range in length from 7,5 X 10~^ min in the rod to 
4 X mm in the violet; this range is called the visible region. 
Waves sliglitly too short to see, 4 X 10“* to 3 X 10”^ mm, lie in the 
near ultraviolet; then come the far ultraviolet and the extreme ultra- 
violet I'cgions, which extend from 3 X 10“^ to 2 X 10~^ mm and from 
there to 2 X 10^® mm, respectively. Since air is opaque to these 
shorter waves, they are studied in vacuum, and the range from 
2 X 10“* to 2 X 10“® mm is also known as the vacuum ultraviolet. We 
then come to the region of soft Xrays^ and below mm to the 

hard Xray and gamvda-ray regions, to which air is again transparent, 

■ 

The names, ranges, and properties of tliese spectral regions are sum- 
marized in Table 1.1. 

1.1. Spectroscopy. The term speciroscojfty as used in this l)ook is 
restricted to the study of those radiations which lie in the infrared, 
visible, ultraviolet, and vacuum ultraviolet regions. Tlic techniqiic.s 
discussed are quite distinct from those used in such fields as micro- 
wave spectroscopy. X-ray spectroscopy, gamma-ray spec tro.se (5 py, 
and mass spectroscopy. We are concerned here only with those 
electromagnetic waves which can readily he separated into a spectrum 
by means of prisms, optical gratings, and optical iiitcrfcrometer.s. 

1.2. Origins of Spectroscopy. The best-known early investigator 
of the spectrum was Sir Isaac Newton, who in 166(1 inserter] a pri.sin 
in a beam of sunlight shining into a dark room and saw a band of 
colors on the wall. By using a lens in conjunction with the pri.sin lie 
was able to spread the colors out into a fairly pure spectrum 10 in. 
long. He fell short of producing a spectroscope of the moclern ty]je 
only because he let the light shine through a round hole instead of ii 
narrow slit. It was not until 1802 tliut W. H. Wollaston, am I in 1814 
Joseph Fraunhofer, independently observed spectrum lines, that is, 
images of a narrow slit each containing only light of one color. The 
first practical spectroscope was developed by G. B, KirchhofY and 
B. Bunsen in 1850. 

Newton is responsible For the practical application of the pri.sni iiiifl 
Fraunhofer for that of the diffraction grating; these ai'C the basic 
components used in spectroscopes today to separate the wavcieiigl li.s 
of light. Kirchhoff and Bunsen showed that the spcctro.scc>pe <ronl(l 
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TABLE 1.1 

The Specthobcopic Part op the ELECTHouAaKETic Spbctbdbc 


Prr- IVaee 

gueneg numbrf 
tti in etn~* 


10 " 


10 


10 ». 


10 «- 


10 ' 


ItP 


io» 


10 * 


10 ^ 


Character iiiics of radiation 


Nnliiral Laboralory 
origin sources 


T 

Inner 

electrons 


in 

nloniK 


Higli 

vutlnge 

spark 


(Kiler 
ulcclrons 
ill nloius 
anil 
Riulc- 
ciiles 


m 

Arc antJ 
spark; 
gas <lia- 
charge 


Prism 

materials 


None 


1 

OuF,. 


LiF 


t 


Qiiurtc 


t 


CJIass 


lliick 

sail 


cm- 


iVaeeimtfih 

Ft- fL 


Detectors 


10 -' 10 


— 1 


10 * 


10 


10 -* 10 * 


Fliotography 


o-« 10 -> 10 * 


Photocell 

I T 

1 Eye 


0 -* 


Kllr 


10 * 


-» lu* 10 * 


lUi 


10 *' 


10 ’ 


10 ' 


10 


Molecu- 

liir v{> 
brutiuns 

1 


'nicrmal 


railialion 


MoIcc'U- 

liir n>- 

lUllUJ 18 


Only gratings 
are suitable 


■ 

Microwave 

generators 


RfuliDineLer 


Microwave 

receivers 


10 -«. 10 * 10 * 


O-t JO* lor 



4 


SPECTROSCOPY AS A SCIENTIFIC TOOL 


[§1-3 

be used na a new means of qualitative chemical analysis; with it they 
discovered several new elements and were able to demonstrate the 
presence of many known elements in the sun. They are in a very real 
sense the founders of modern spectroscopy. 

1.3. Measurement of the Spectrum. The waves with which we 
are here concerned have lengths lying between 1 mm and 10"~® mm, 
which can be measured with a precision varying from one part in ten 
thousand to one part in sixty million, depending on the spectral region 
involved. Various systems of units have been developed in which to 
record wavelcngtlis conveniently; of these the following are the most 
common : 


1 g (micron) = 10“* cm = 10“'® mm 
1 m/i (millimicron) ^ lO-^cm ~ 10“® mm 
1 A (angstrom*) — 10“* cm = 10“^ mm 

1 /t = 10,000 A = 1000 

In the infrared region wavelengths arc commonly measured in 
microns, and in the range shorter than 1 in angstroms. Chemists 
and biologists frequently use the millimicron. The mean wavelength 
of the strong yellow light emitted by sodium atoms is, in the three 
systems, 0.5803 580.3 m/z, and 5803 A. 

Spectroscopes analyze radiation in accordance with its wavelengths, 
but atoms and molecules emit radiation of characteristic frequencies. 
In a sense frequency is more fundamental than wavelength, for the 
frequency of monocliromatic light remains constant no matter'in what 
medium it may be traveling, whereas the wavelength varies inversely 
with the velocity of light in the medium. Therefore, in atlditioii to 
the wavelength X of a beam of light, it is often useful to specify the 
frequency of oscillation r. This is related to X by the formula 
— C(TO), where is the velocity of light in the medium. Fi-c- 
qiiencies in the optical range are, however, very large mnnbcr.s 
(4 to 7.5 X 10”), and it is more convenient to use a smaller iiiiinbcr, 
the wave number c, which is the number of waves per centimeter of 
path in vacuum. X and a- are related by the formula \<r = 10* wlieii 
X is expressed in angstroms, a is then expressed in reciprocal centi- 
meters, written cm“'. 

1.4. The Infrared Spectrum. Sir William Uerschel in 1800 u.scd a 
simple thermometer to measure the lieatlng power of the variou.s 


* For a more exact definition of the angstrom ace $ fl,8. 
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colors in the apectrum of sunlight. He fouiwl the greatest heating 
effect entirely outside the visible portion, just beyond the red edge of 
the spectrum. Thus he discovered the ir^rared region. His aon^ 
Sir John Hcrschcl, in 1840 moistened a piece of blackened paper with 
alcohol and found that the alcohol evaporated faster in certain places 
than in others when the infrared part of the solar spectrum waa 
allowed to fall on it» revealing in this way the presence of infrared 
bands of absorption and transmission. 

Infrared radiation can be dispersed into a spectrum by means of 
coarse diffraction gratings or pri.sms of special material such as rock 
salt* which is transparent to much longer waves than is glass, and the 
mya can then be detected with n device sensitive to small heating 
effects. Bolometers, thermocouples, and various other radiometers 
can be used for this purpose, Globar heaters and other incandescent 
sources emit infrared radiation profusely. The methods and ap- 
paratus used for infrared spectroscopy ore discuased hi detail in 
Cliapter 17. 

The infrared region, as lias been indicated, is conveniently divided 
into the near infrared, which extends from the edge of the visible up to 
ahout 25 fjL (250,000 A) and the far infriircd, which extends from the 
near infrared to 1 mm (1000 ft or 10 million angstrom.s). The dis- 
tinction between regions is usually made on the basis of the type of 
spectrograph used, since prisms have not l)cen available which trans- 
mit iruicli beyond 25 ju. However, the two spectral regions also 
correspond roughly to those which contain the vibrational frequencies 
of light molecules (near infrared) and their rotational frequencies (far 
infrared). A further sub<livision of the near infrared is sometimes 
made when spcctroscopisbs distinguish a region called the pkoiographic 
or photoelectric infraretl, because nuliution of wavelengths up to the 
neighborhood of 2 g cun be detected photographically and photo- 
elec trically. Hadiabion in this region penetrates atinosplicric hnssc 
better than do the shorter waves of visible light, and so infrared pho- 
tography is useful when long distances are involved in camera work. 
The invi.sibility of these waves also makes them of importance in 
military .signaling. Contrary to a widespread impression, however, 
infrared radiation in the photographic and i)hotoelectric region will 
not penetrate fog or mist to a significantly greater extent than will 
visible radiation. 

The near infrared spectrum has assumed great importance in 
chemical and biological research because of the highly specific absorp- 
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tion of chemical compounds at these wavelengths. The near iufrnrctl 
absorption spectrum of a molecule has aptly been called the molecule's 
fingerprint. Hecent development of good commercial infrared prism 
spectrometers has done much to make tlic fingerprinting process more 
widely usable. 

1,5. The Visible Spectrum. The spectral sensitivity of the eye of 
a typical observer is shown in Fig. 1.1. The actual limits of sen- 
sitivity at the two ends differ somewhat from observer to observer, 



4000 5000 6000 7000 


WoveJengih in Angstroms 

Fig, 1,1. Spectral sensitivity of tlie human eye. 


some people being able to see slightly farther into the infrared and 
others farther into the ultraviolet. The visible region is usually 
arbitrarily set between the limits 4000 A and 7500 A. The fact I lial 
rays in this band can be seen makes possible visual spectroscopy ami 
the entire science of colorimetry, Tlic eye is an excellent <lotcctor of 
visible radiation and is a moderately satisfactory com])arisoii ilevicci 
but it is not n good quantitative measuring instrument. Its use in 
spectroscopy is discussed in Chaptei-s IS and 14. 

In addition to affecting the optic norve, waves in the visible part of 
the spectrum are characterized by their ability to pass through glasses 
of various types that are readily obtainable, which can be fashioned 
into prisms and lenses for the production of optical erpiipmeiit. 
Visible radiation can be photogi'aphcd, though special seiiHitization of 
the photographic emulsion is required for waves longer than about 
5000 A, in the bluc-grecn. 

1.6. The Ultraviolet. The idiraviolei region^ wlii'ch begins at ap- 
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ing to the means by which the spectrum is observed. A spectrograph 
produces a photographic record of the spectrum called a spectrogram. 
The word spectroscope is sometimes used in a restricted sense to 
designate an instrument arranged so that the spectrum can be viewed 
by eye. It will be used in this book only in the broad sense; the 
term i^isual spectroscope will be used to designate instruments arranged 
for dii*ect eye observation oF the spectrum. Spectrometers ai'c so 
built that an observer can determine wavelengths by rending n scale, 
which may or may not be calibrated to rend directly in microns, 
millimicrons, or angstroms. 

Most spectroscopes contain three main elements : n slit; a dispers- 
ing device such as a prism or a diffraction grating to separate ra<liatioTi 


P 



Fig. 1.2. Optical syaCem of a simpla spectroscope. S, sliti C, coMimator lens; 
Pt priitm; Tt teJoscopo lena; F, curve along which the vnriuiiH partH of Llio spec- 
trum are in focus; blue or short wavelength part; /£. red or long wavelength 
part. 

according to wavelength; and a suitable optical system to produce 
the spectrum lines, which are monocliromatic images of the slit. A 
simple spectroscope optical system is shown in Fig. IS, The spec- 
trum lines are arrayed along a focal curve where they may be photo- 
graphed, observed with an eyepiece if visible, or isolated from their 
neighbors by a second slit. The first method is used in spectrogrnph.s, 
the second in visual spectroscopes, and the third in monochromators. 

Spectrum lines are detected or recorded by various means. Infra- 
red spectroscopes are usually equipped with radiometers, which pro- 
duce variations in current through a galvanometer and hence vary its 
deflection. These variations of deflection may be recorded in curves 
oF the type shown in Fig. 1 . 3 . The spectrum can be recorded by this 
means at any wavelength, but more sensitive methods are used in 
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Defigctlon i 
of T 
Golvonometerj 



Wavelength *— 

1.3. Record of galvanometer dedectiona produced by aa Infrared spec- 
trometer. See also 11.7. 



1.4. Photographic and photoelectric records of the same spectrum, 
(a) Photograph of the spoclrum of iron in tlic violet region; (ti) photoelectric 
record of the same spectrum; (c) densiLumeter record oE the spectrogram shoiyn 
in (a). (Courtesy Prof. G. II. Dickc.) 
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spectral regions where they are available. Photography is fensihle 
between 15.000 and 10 A. Though sensitive and convenient, photog- 
raphy requires careful control if quantitative results are to be ob- 
tained. Fluorescence and pliospliorescence methods, combined with 
visual observation or pliotograpliyi can also be used between 1«?,000 
and 10 A. with some loss in sharpness of narrow lines. Pliotoelectric 
recording has been used between 33,000 A and the .short vacuum 
ultraviolet. In all these cases the 10 A limit is purely arbitrary, .since 
the sensitivity extends on into the region of X-ray spcctro.scopy. 
Records obtained by means of the two principal detection and record- 
ing methods are shown in Pig. 1,4. 

■ 

TECHNIQUES OP SPECTROSCOPY 

In using the techniques of spectroscopy, one is concerned either 
with studying the wavelengths and intensities of the radiations 
emitted by atoms and molecules under various physical conditions or 
with the radiations absorbed on passing through matter in various 
forms. Thus it is useful to distinguish between emission speclroscop// 
and absorption speciroscopp . 

1,8. Emission Spectroscopy. Three kinds of emission speed ra c‘aii 
be distinguished, known respectively as line, band, and continuous 
spectra. Typical examples of each of these are shown in Fig. 1.5. 

Line spectra originate from atoms or atomic ions wliich arc scpariitcd 



Fig. 1.5. Typical emiBsion spectra taken with a low-dispersion spectrograph. 
(r) Conlin lions spectriini of nn incnii<lcHccnt filanicnt; (li) line spccLriim of Llic 
iron nrc; (c) band specLruin of molecular nitrogen (N^). 


by such distances from their neighbors that between collisions they 
can radiate ns individuals. Hence line si>ectra are obtained from 
incandescent gases nnd vaj>ors. 

Band spectra originate from molecules composed of t^vo or moi’C 
atoms, either ionized or un-ionizecl, when these molecules arc siifli- 
eiently separated to be fnirly independent of their neighbors. Bniul 
spectra are emitted from i>olyatomic incaudeseent gases and vapors 
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wiitch ate cool enough that not all the molecules are dissociated into 
atoms and ions. Many band spectra, such as those emitted by the 
liydrogen molecule H 2 , have the appearance of lino spectra, because 
I tic individual lines in the banrls are of wide separation, and the inter- 
mingling of neighboring baml lines is extensive, 

Conti nuou.<} spectra result when light is radiated from incandescent 
&ouda or liquids, or under cerLuin special circumstances from individ- 
ual atoms or molecules. A continuous spectrum, may be regarded aa 
the equivalent of an Inhnlbe number of spectrum lines forming a dense 
lU’ray of overlapping monochromatic images of the slit* 

iVlien the ligiit from an electric arc is sent thraugh n spectroscope, 
nil three types of spectra — line, band, and continuous — are likely to be 
obseived together, since the arc stream conbnins atoms, ions, mole- 
cules, and gross incandescent particles. 

L.Q. Qualitative Spectroscopic Analysis of lAaterLals. Each type 
of atom or molecule can be made to produce n. charncteristie set of 
spectrum lines or bands which serve to indicate the presence of that 
atom or molecule as a radiating center, whether in a sample of metal 
in the laboratory or in a star or nebula. More than half a million 
diiierent atomic spcctriini lines and countless bands have been ob- 
ser^’ed. Most of the more Intciisc atomic lines have been assigned to 
their atom or ion of origin. Since it is possible to measure their wave- 
lengths to a prccisif)ii of 1 part in several million if necessary, most 
spectrum lines can !)c identified ns to parent atom without possibility 
of error; and since each <iLom emits many dm met eristic spectrum 
lines, the presence or nbscnco oJ a purl jc ill nr type of atom can bo 
detoTmined quite readily by specLroscojiic menus. 

“The spectroscope ])i‘ovidcs one of the moat highly specific of all 
methods of qualitative aniilysis; it is in a<lditioii direct, rapid, and 
simple. A aitiiiH piece of the material to be ii.niily?:cd can be burned 
in an electz'ic arc or s|)«rk and its spectrum rcconlcil within a few 
seconds, A simple inspection of the resulting pattern of fipectrLim 
lines serves to identify the presence or iibsonce of some 70 of the 
chemical elements. All me tall ie ole men Ls present are revealed in a 
single operation witliout i*equirliig a guess on tiie part of the operator 
aa to which will be found. 

The emission method is not directly applicable to the detection of 
molecules except in certain .specitii inslHnces, l>ecausc nio.st molecules 
are dissociated in the electric arc or spark. Nor does the method 
detect negative radicals. Such elements as sulfur, selenium, the 
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halog'cns, and the gases require special spectroscopic techniques, wliicli 
are frequently more complicated than alternative methods oF cheraicnl 
detection. Analytical techniques based on emission spectra are 
discussed in Chapters and 16. 

l.lOp Quantitative Spectroscopic Analysis. At very low coiiccii- 
trations of an element in a sample, the amount of light emitted by 
that element is directly proportional to the number of its atoms 
present, if all other factors are kept constant. This linearity provides 
a very convenient basis for quantitative analysis by the emission 
Bpectrum. The number of factors other than concentration that 
affect intensity is great, however, so that only a null method of anal- 
ysis is satisfactory. A saniple can be analyzed if one clu])ricates it 
fairly closely with a mi^cture of known content, which when burned in 
the arc emits lines of similar relative intensities. This procediii’C is 
not difficult when concentrations of 1 per cent or less of each iniportaut 
element ore involved, because then no constituent in a sample influ- 
ences the light emission of the others, and it is possible to determine 
simultaneously the concentration of a large number of impurities in 
a given sample. 

The spec biographic method can be applied quantitativ^oly to the 
determination of any element that can be detected qualitii Lively. As 
a result more than 70 elements of the periodic tabic are susceptible to 
a method that is much more rapid than chemical wet methods an<l 
can be carried out on much smaller samples, 10 mg usually being 
sufficient for a determination. The method is also extremely sensi- 
tive, being effective in some cases down to concentrations of 1 part 
in lOD million. 

Spectrographic quantitative analysis provides fairly iiniForin preci- 
sion at nil concentrations. Thus it is as easy to measure the difference 
between 0.0010 and 0.0011 per cent content of an impurity as that be- 
tween 1.00 and 1.10 per cent. At low concentrations the prcci.sion 
of the spectrographic method is superior to that of chemical wet 
methods, but it becomes inferior at concentrations of about **> per cent 
and over. At concentrations below 3 per cent it is jjossible to reduce 
the average deviation among successive determinations on the same 
sample to less than S per cent. 

Analysis by emission spectra, commonly called apecirochemical 
sis, is now widely used in industry, especially for the analysis of impur- 
ities ill metals. For the determination of constituents in alloys, and for 
the examination and testing of biological, medical, and food products. 
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l.H. Absorption Spectroscopy. Wl\eTi a beam of light passes 
tliroiigh. a piece of colored glass, certain wavelengths axe reduced in 
ititen^ty hy absorption. Even glass that appears colorless will show 
nhsorption in the infrared and ultraviolet regions. Pure liquids and 
solids in solution exhibit similar absorption. Each band of wave- 
lengths removed by a solid or liquid is usually fairly wide and may 
O'setend over many hundreds of angstroms^ ns shown in Pig. 1-6. 

"The spectroscopic study of the absorption of radiation has three 
broad objectives : to learn whicfi wavelengfclis of radiation are ab- 
sorbed ; to learn Jtow m/uch radiation is absorbed under specific oondi- 
tions; and to learn why the radiation is absorbed. The first of these 
objectives is of value because it furnishes information that serves as a 
basis for the qualitative analysis of the absorbing materiali as in the 
*^^fingerprinting*^ of chemical substances by their infrared absorption 



Fig, 1,6. Absorption spectrum of the cytosine moiocuie in the solid state st 

liquid-hydrogen temperature, 

spectral Such information is also useful for the production of radia- 
tion filters required for the removal of certain waves from a beam of 
light, for example in the removal of infrared rays by a heat filter from 
the beam in a motiou'-picture projector. The second objective per- 
mits extending chemical analysis, by means of absorption, from the 
qualitative to the quantitative. The use of ultraviolet absorption 
spectra, for instance, is widespread in the quantitative analysis of 
vitamins and of many other important substances that are difficult to 
analyze by other means. In the achievement of the third objective, 
one seeks to understand the absorption of radiation in terms of the 
atoms and molecules responsible for it, feature of the absorption 

spectrum can be overlooke<l in this process, and in the course of 
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understandmg details of the spectrum one can obtain detailed knowl- 
edge of bow atoms are held together in molecules. This knowledge 
is of great value to the physicist and the chemist. 

1.12. Absorption Spectrophotometry. Absorption s])cctrophotoiii- 
etry is quantitative absoi*ption spectroscopy. It can be used for the 
quantitative determination of organic molecules, foi^ example in the 
estimation of dye concentrations and in the analysts of vitamins, 
hormones, and other complex organic molecules. By means of nii 
absorption photograph of the type shown in Fig. I.flj a curve nniy be 
determined as shown in Pig. 1.7, which gives the relative iibsorjition 

of light at various waveloiiglhs 
through a given thickness of the 
sample. Absorption can be meas- 
ured by means of a spectrophoto- 
meter. Once the sjjeciiic absorp- 
tion at all wavelengths is known 
for a material, the resulting curve 
enables one to determine tlie 
actual amounts of absorbing 
material prc.scnt. Thus, though 
the absorption method is not 
highly specific for qualitative an- 
alysis* it is extremely precise in u 
quantitative sense and can l)e 
made even more seii{4itive than 
emission analysis in certain cases. 

Ab.sorption spec trophotoine try 

forms the subject of Clia])Ler l-l*. 

1.13. Fluorescence Spectroscopy. A branch of spcetit>H(:<ii)y ca- 
pable of much further development is that involving the use oF fluo- 
rescence. FJuoi’escence spectroscopy is widely applied in mineralogy* 
bio die mis try, biology, medicine, and the food incliistrie.s. 

When one uses fluoirescence spectroscopy, the object to be sbiMlieii, 
for example a mineral specimen, is shielded from extraneous light and 
is then, illuminated with ultraviolet light, usually from a quarts! mer- 
cury lamp covered with a filter that removes visible radiation. The 
specimen is likely to glow brightly; if it does, its type can often be 
determined from tlie color of its fluorescence. 

Alniiy organic materials fluoresce. Certain species of bacteria have 
characteristic fluorescence, and different strains of the s;i.iuc species 
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Wavelength in A 

Fig, L.7. Absorption curve deter- 
miaed from the spectrogram ehovnn in 
Pig. 1.6, with wavelength scale re- 
versed. 
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may show different sUndea of color. Molds and bacterial growth on 
meat samples can be detected, and in some cases identified, by means 
of tLieii fiuoreacence. Various parts of plant or animal ceils often 
iluoresce watli different colors, ao details that cannot bo seen hi oixli- 
nary light are sometimes revealed by a fluorescence microscope. 
Jlineral oil has a characteristic blue iliiorcsccncc not found iu most 
organic oils, and it Ls thus possible to detect contamination or dilution 
of organic oils by mineral oil. Oleomargarine can be detected in 
nutter by means of fluorescence; as little as 5 per cent of artificial fat 
in butter can be .shown up in the same way. Flour of one type may 
show a bluish fluorescence, whereas another glows white and a third 
exliibibs a pinkish glow. Many other food prodvicta can be tested for 
quality by fluorescence analysis. Heal imd artificial gems can also be 
distinguished by thi.s means. The ajjectroscope makes fluorescence 
analysis more specific than docs visual observation of fluorescence. 

USES OF SPECTROSCOPY 

A complete catalogue of the uses of spectroscopy would be too 
lengthy for the present chapter, but mut may list (a) the study of the 
absorption and emission of light by matter in all forms; (b) the 
analysis of the iiboiiiic and inolecuhir varieties present in a given sam- 
ple of matter and determination of their relative numbers; (c) the 
investigation of the structures of atoms and molcciiles, and (d) the 
deter mination of the ai/.e, mass, temperature, speed of motion, anti 
many other chRriicteriatic.s of tlm heiivenly bodies. Spectroscopy has 
thus coutributetl materially to all the ntitural sciences, paTtlcularly 
to astronomy, physics, cheniistry, and biology. 

1.14. The Spectroscope in Chemistry. , When the apcchroscope 
was first developed in priictical form (18SD), it was used immetUately 
by chemista as a powerful tool for qualitative analysis. As a by- 
protluct of this use c^aine the tliscovery of many chemical elements, 
among them cesium and rubidiiiin by Ilunsen and ECirchhofT, and 
later helium, gall! u in, indium, and thiillimn by various other ebetnlsts. 
In addition, spectroscopic luialyais was such a powerful aid in the 
separation of the various rurc-eiirlh elements that the discovery of 
many of these may properly be credited to the spectroscope. The 

spectroscopi cully (li.scDvercd elcmciit.s are H.stetl in Table l.ft. In 
later years the same axiplicatioii of spectroscopic methods, grown 
naore powerful with the passage of time, led to the discovery of rare 
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TABLE l.« 

List op Ciik&iical. Elismeints Dtbcovhrcd Spkctroscopicat^t^v 


Element 

Discoverer 

1 

Dntc 

Cerium 

Ilunscn find Kirch holT 

1»00 

Rubidium 

Rutinon nnd KirchholF 

1801 

TJifilHum 

Crookes 

IHOl 

Indium 

Reich nnrl Richter 

1800 

Hd inin 

Lockycr 

1808 

Gallium 

de Roisbaiidran 

IHTfi 

Thulium 

CJcvo 

1870 

Priiscodymiiim 

von Wcl.sbacli 

1885 

Neodymium 

von Wclsbacli 

1885 

Samnriu m 

dc Uoisbaudran 

iHHfl 

Holmium 

do Iloisbaudran 

1880 

Ytterbium 

XJrbain ; vnn Welsbnch 

1007 

Liiteciiiui 

1 

Urbain; von Welsbuch 

1007 


isotopes of the common elements hydrogen (Urey, 1032), carl 
nitrogen, nnd oxygen. Improvements in techniques of niciisui 
emission and absorption intensities also permitted the cxtcMisioi; 
these methods to quantitative chemical analysis, as has Ijeeii ir 
tioned above. Thus the spectroscope, in one form or another. 





II 


■ X 

i 


I ■ 




I . ^ - - 


III! 




J ■ .• 


I 


I 


I 



ST 3^ :39^^ : 41^ 90 5S 60 60 

ill IT I i 1 1 riiiiiiiii]iiiiiriii.iiii.ijiri.urfitiiMtt 



1 


J 


I 


.11 




I 


Fig. 1.8. Emiasion spectra of the alkali metals. Top to bottom 

Roclium, pota.SHiiim, rubidium, ccniiim. 
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become a foremost instrument in all branches of chemistry bccaLi.sc 
its analytical power. 

The contributions of spectroscopy to chemistry are by no inei 
limited to the Bold of analysis, however, because no chernicjil si 
stance can emit or absorb radiation without revciLling much about 
fundamental nature. By study of the emission of radiation frt 
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isolated atomst and iona, enough information about the elcctrotiic 
structure of iitoma has been obtained to explain completely the 
arrangement of the chemical elements in the periodic table (see 
(chapter 10). Similarly, the structiirca of many molecules, incliulini; 
some of great complexity, have been revealed by their apcctra. The 
chemist has profited both in the determination of the actual geometry 
of molecules whose structural formulas were ])rcviously know'n and 
in the elucidation of 'unknown strikctural formulas. The structure.^ of 
such molecules iia penicillin and vitamin K, for examples were \vorke<l 
out with extensive help from the spectroscope. 

The chemist is somewhat more intercslcd in the relictions that mole- 
cules undergo than in tiicir structures while at rest between I'oactions. 
Since both the s]>cofl of a reaction and the extent to which it tiikcK 
place arc <lcpciidciit on the forces between atoms, that is, the chemical 
boiui forces, any information about these is of clieinical ini port mice. 
The eontributlon of spectroscopy here has been a double one. The 
actual strengths of the chemical bomls (dissociation energies) have 
been measured spectroscopically for many diatomic molecules, fre- 
(piently with an accuracy that could not be attained by other means. 
In addition, spectroscopic data have been used to make highly pre<UKc 
calculations of chemical equilibrium constants, which dcl;c?rniine how 
far reactions proceed, l^or cxainjilc, the equilibrium of the reuclion 
of hydrogen and chlorine to form hydrogen chloride gas ut any Lciii- 
perature up to uOOO^’C can be calculated entirely from spccLrciscopic 
data, with precision far greater than that with which it can be deter- 
mined otherwise. 

One branch of chemistry that slioultl he expected to make extensive 
use of spectroscopy is the highly complex field tkf photoclieinistry. 
'Phe cxislcnce and nature of innlecidur fragments which caniKkt be 
chemically isolated Init which are important links in a. chain of stepa 
making up ))liotochcinical reactioii.s hiive lieen demonstrated specr- 
trosc(}pically. /Vs examples of such fragmentary niulcciilc.s one can 
cite scores of diatomic iiydrides, such as the OM ra<I]cal, wiiich have 
()iily a fleeting existence in an arc or flame or in the higfi-tcniperiib\iro 
areas of a reaction vessel, but wliosc properties, Huch as intern Loinic 
distances, vibration and rotation froqiicncios, and electronic .states, 
have been determined spectroscopically in minute detail. At presciiL, 
]iholosynthcsis, the great problem of iibotochcinistry, is being 
attacked in many ways, but the spectroscope is never absent From the 
laboratories of I hose concerned with the problem. 
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The kinds of spectroscopy in which chemists arc most interested at 
present are qualitative and quantitative emission spectroscopy, ultra^ 
violet and Infrared absorption spectrophotometry, and Raman spcc^ 
troscopy. These subjects and some chemical problems to which they 
can be applied are discussed in Chapters 14 through 10, 

1.15. Spe 9 troscop 7 in Astronomy. Modern astronomers have 
completely refuted the dictum of Auguste Comte, “There are some 
things of which the human race must remain forever in Ignorance, for 
example, the chemical constitution of the heavenly bodies.** By 
using the spectroscope, astronomers have been able to make qualita- 
tive analyses of many of the stars and also a quantitative analysis of 



Fig, 1.9c. Spoctnim of the star Aiirigae, sliowing Doppler eEFect- 

(Coiirle^sy lliirvtirtl {)lisi;‘PvtiL€>ry.) 


the siiiTtiee of Llie sun that is perhaps more complete than any ycl 
nia<le of the earth. Astrophysuasls liave thus been able to demon- 
strate that niaiiy of the sjitiie elieirii<*nl elements which we fin<l on 
earth compose the sun, stars, aiid the most tlistant nebulae. Sixty- 
six elemeiils Itave been round spectroscof>ically in the sun. A number 
of spec* In I 111 lines, which were For many years unidentified, are round 
ill the s])ectni of the solar corona and of various iicdiiilae; these were 
oiK!e lliouglit to arise from atoms not Found on earth. It has since 
been proved that every one oF these lines originates From a familiar 
atom fouiid in the stars in some special state oF excitation not ordi- 
narily ])rodit('0<l in the laboratory. 

A large i)ro]>ortion of tlie InFornialioii that the aslronoiner possesses 
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regarding the constitution of the heavenly bodies Inis come via 
.spectroscojiy. Spectra obtained when natronoiuers collect light 
n star with a large telescope and then separate it by inuiins of an 
attached spectroscope serve for the detection and cstimfition oP 
molecules in the stars. The Doppler effect of spectral litie.s C4in be 

used to measure the approach and recession velocities of stars aiul 

■ 

nebulae (see l^ig. 1.0c) and the rotation of the sun; fi spectral line 
From u cnlciiim atom, for examx>le, is shifted toward shorter wave- 
lcngth.s when emitted by a star that is approaching and toward longer 
wavelengths if from one tliat is receding. 

The spectroscope has been used to measure the sun’s inotiou among 
the stars and the distances of hundrods of individual stars, and it has 
rovetiled the double chiiracter of many stars that are too close to- 
gether to be resolved ns double by the telescope. 

1.1 6. Spectroscopy In Physics. In physics the trail of s]}e(rtro- 
scopic discoveries is longer than in any other science. Spcctros<;opic 
data give the most precise standards of length, and it has been sug- 
gested that the standard meter bar might well be rei>laccd a.s a 
standard of length by the wavelength of a sharp red line einittCMl by 
cadmium a toms, or of a sharp green line emitted by mercury atoms of 
the isotope 108. The lengths of such waves may well be expected to 
remain more constant over the pa.ssing ages than that of any inaii- 
inade standard. 

Most of our precise information about the electronic struct iire.s of 
atoms has conic via spectroscopy. The physicist is interested in 
studying the production of light in a magnetic held, and throiigh the 
Zeeman an<l relatc<l effects he has been able to determine the cpiaiilinn 
numbers iind the locations of the electrons in the various kinds of 
atoms. Many apparently sharp lines can be resol ve{l into a iiiiiuber ol' 
still sharper inonochroniiitic lines packed close togetlier. This so- 
called liyperlino structure reveals information regarding the spin of 
the nucleus of the emitting atom. Magnetic sii.sceptibilitics and I be 
electronic configurations of some atoms in the solid state can also be 
determined by spectroscopic means. 

Much of the attention of the spec troscopis t has been given to 
determining electronic energy' levels in atoms. It has been fouiul 
possible to remove electrons one by one from atom.s and to study the 
now army of spectrum lines that results each time miolhei* electron 
i.s removed. Thus normal uranium atoms, with 92 electrons a round 
the niieleiis of each, emit many thousands of spectrum lines wlieii 
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oxcitccl. When lui electron is removed from such nn ntoin, nn entirely 
new army of thonsiuids of speetnini lines will result, on excitation. 
AVhcii two electrons arc removed, still iinotliev new spectrum can be 
l^roduGcd. Thus it is theoretically ])ossil>le to have 02 different 
characteristic s]3cctra of uranium. Analofrous series of ionization 
spectra may be obtained with the other chemical elements, so that 
more than 4000 different kinds of atoms anfl atomic ions can be 
ex]>ected to emit indepcmlent spectra, and many millions of atomic 
spectrum lines will thus be produced. To <latc only some 350,000 
of these spectrum lines have been assigned to their jiarciit atoms, 
and a much smaller number have been classified in terms of the 
energy levels anti the state of ionization of the atom from which 
they originate. 

1.17. Spectroscopy in Biology and Medicine. Qualitative and 
quantitative analyses made by means of the emission spectrum have 
been employed extensively for determining the presence of metallic 
elements in biochemical .substances, cells, and tissues. Such studies 
provide the biologist with a means of determining the various trace 
elements needed by cells for life and growth. In mcrlieiiic, their 
greatest application has been to the investigation of toxicological 
problems, as for example, in determining tlic acciimuhitioii of lead, 
copper, am! so on, in the blood and tissues op persons exposed to such 
substances in the course of their daily work. Attempts have also 
been made to apply emission S]>ecLroHc:opy to diagnostic procc< lures 
ill certain pathological comlltions characterized by ehaiige.s in the 
hcavy-inetal content of the body fliiids. 

Biochemists and biologists are confronted by iiniisiiully (lifTiciilt 
problems of molecular structure, in which the iiicilceulcs involved are 
large, complex, and often ill-defined entities. Infrared and liamaii 
spectroscopy, and visible and ultraviolet absorption Hpectro|i]ioloin- 
ebry, liavc been invaluable in the study of such problems. Such 
.specbroseopic! methods have. For example, contributed to the eliicida- 
lion of the structures of many of the known vitamins, cnzyrne.s. and 
coenzymes. 

Absorption spectrophotometry, in particular, Ls useful in control ling 
the preliminary isolalion of biochemical substances and in their Inter 
chii.nu:terizatioii and qiialiUitive or (piaiititative assay after they have 
been isolated and idcntifie<l. 'Pfie elninicterislic absorption band of 
vita min A, with a maximum at 3280 A, is used, for examide, in I he 
quantitative determination of this substance and in bests of the purity 
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of vitamin A preparations. Tlie kinetics of enzyme activity are 
readily studied by absorption spec trophotome trie methods, both in 
the visible and ultraviolet regions. i 

Fluorescence spectroscopy is similarly useful in the isolation and 
identification of those biochemical substances which exhibit charac- 
teristic fluorescence. One of the most striking examples of the 
application of this technique has been the identification of a coal-tar 
constituent that is responsible for causing “coal-tar cancer/’ ns a 
complex polycyclic hydrocarbon, S : 4-benzpyrene. Fluorescence is 
em]doyed routinely in the quantitative analysis of various bio- 
chemical substances, such as vitamins Bj and Ba, 

Microabsorption spectrophotometry in the ultraviolet is finding 
increasing application in the study of the distribution of substances 
like nucleic acids in cells and tissues in relation to fumlainciitiil bio- 
logical and medical problems, such as those of cell division, growth, 
differen tint Lou, normal physiology, aiid pathology. The use of this 
technique in the visible region (in connection with specific color re- 
actions) and in the infrared promises to lead to the solution of many 
hitherto abstruse biological and medical problems. Micro fluorescence 
spectroscopy, though not yet used on a wide scale, has similar a]}pl[- 
cations. 

■ 

■ 

Spectroscopy of the extreme ultraviolet has thus far been nsctl but 
little in the study of biochemical substances. It may he expected to 
i*eceive increasing application to the study of biochemical structure 
problems involving saturated organic compounds. 

1,18. Spectroscopy in Food Research. Spoetro.scopic methods arc 
being used increasingly in testing and controlling the production of 
foods and their containers as advances in knowledge indicate the 
importance of siibstniiccs that may be beneficial or injurious in very 
minute quantities. The great sensitivity of spectroscopic methods 
ainl the smallness of the samples required for analysis are of con- 
siderable importance in food technology. 

An example of the use of the spectrograph for determining small 
but important conccti trsitions of metals in foods is given liy the ineiis- 
iircincnt of copper iii cranberries. The cranberry bogs in the Ca])c 
Cod district had for many years been sprayed with copjicr siilFatc 
solution as an aid in pest control, and there was some fear that coy>]icr 
salts might be accuimilating in the soil to a degree that would result in 
undesirably large quantities of copper in the cranberries. Spcctro- 
graphic analysis was used to determine the concentration of copper in 
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soil samples* in various parts of the cranberry plant, and in the berries 
tliemsclvcs* witb tlie result that it was found that the danger level had 
not been remotely approached. 

Lend determinations in condensed milk are another example of 
control procedures. By means of the spectroscope, comparison ruiiH 
of diiferent brands can easily be made whenever desired. The lead 
content is usually Found to lie between 3 and SO parts per ten million. 
Chocolate man u fact iii'crs who wish to know the metallic content of 



Fig. 1.10. Corner of an industrial spectroscopy laboratory. (CuiirLcsy Aliini- 

ilium Coinpiiriy uf Aitiorica.) 


their product fiiiil Llio spec^trografih indi.spciisable. The inotnilir 
eoiii.eiiL oF beer kept in eiiiis and in bottles i.s cleberiiiitie<l in a roiiliiie 
manner with the .spectrogra]>li. 

AhHoi'])tion spetiLrophotornetry is usePiil in testing comestible nils, 
liqiKirs, and other liquids. Absor])tion and fliioresceiiee niethnils are 
wididy used in the food industries in the assay of Footls For thtdr 
vitamin <!oiitent. 

1.19. Spectroscopy in Metallurgy and Mineralogy. For many 
years archeologists were unable to solve the .secret oF the origin of the’ 
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purple color oF the gold sequina found on mummies in Kgyistian 
tombs. An eminent specbroscopist was called to their aid, and found 
that the color was due to certain impurities present naturally in some 
samples of gold. By identifying these impurities he made it possible 
to fix definitely the place where the gold had been mined an<l to 
du]>licate the purple color. Since only a minute amount of material 
was nvnilable foi' analysis, the spectrograph was particularly useful; 
not a single sequin had to be destroyed in order to give the answer. 

In metallurgy the spectrograph is especially valuable because of the 
speed with which analyses can be made. T^vo hundred tons oF copper 



Fig. 1.11. A spectroscopy laboratory of the Federal Bureau of lavestigation, 

( Courtesy F. H. I.) 

ore may be smelted at one time in a furnace, and it is of great impor- 
tance to stop the smelting process at the exact instant when the con- 
centrations of various impurities are at the optimum. A spectroscojic 
can be used to give the desired result within five minutes ov le.s.s. For 
this reason, spectroscopy has come into wide application in the 
various metals industries, particiilnrly in iron and steel foundries, in 
copper smelting, and in the production of the more valuable metals, 
hluch steel is made by the addition of industrial scrap to new 
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niitLorial obtained Prom iron ore. Over the years the percentage of 
impurities in trod need with scrap into American steel Imd slowly been 
rising, iiiiLi] in the 1950\s a level had been reached at which the tin 
content was becoming so high iis to iifVcct the rolling prox^ertics of the 
steel. The tin concentration was still low enough, Jiowcvcr, so 
that it could be detcriniiicd readily only by means of spectrograx^hic 

analysis. 

Minerals can be identified with the aid of the s]>cctrogi'apli, and the 
more than 2700 recognized varieties have been analyzed for their con- 
stituent clenuMiLs at least partially by this means. The important 
role that niioresc^ence spectroscopy plays in mineralogy has already 
been inciiLioiied. 

1.20. Forensic Spectroscopy. Most up-to-date police lnboratoric.s 
use Hie spccLrognijih us an aid in criminal invest igntioiis. An expert 
of Hie Massacliiisetts State Police has given the following os an exam- 
ple of the nature of the problems that a fiolice laboratory may bo 
culJeil iijxiii to solve: *Mii the course of a typical day one may receive 
a hit IF clo/cii (piiirt jars filled with liunian organs to be analyzed for 
siniill truces of poison, from unoLlicr ease a cliisel having on its surface 
an nliiiosL invisible niiiouiit of a foreign metal) while again one may 
receive u pair <ir old trousers with Lracics of dust cm the Iciicos, or x>aiiit 
from a (‘ur involved in u liit-und-riiii accident, or Edood stains oti a 
ktiift*, or fi j)c*]let of slioL removetl fniin a liody, or ashes and debris 
froni Ilia ineeiidiary fire, or broken pieces of a burglar’s tool, or rusi<liic.s 
from the si'eiie of an ('X|>1osioTi. lliiiiNiial aiicl varied subject mailer 
i’ecpiir(‘S versalile inel liods aiul iiislriinicnils. In many uf Lliese cases 
speeLrogniphic' iiiialysis (‘an be udviiiilatgisaisly applied and in a few 
it is es.s(‘nl ial-*’ 

n'he prijiei]>al advantages of iisitig .sp(s:Lrograpliic techniques in 
Xxdice work ajipear lo result froni the rapidity with which tlie results 
of nil analysis ('an be obliiitied, and from the faert that the siiinplos 
to lie sliidj(‘d lire oflen very stnall. In one ense the lead iicllets iiviiil- 
ubl(‘ rroin a shot gnu liornic'ide rrusc! wtdglasl }>iil 0.^ ing, yet 10 ing 
SLifhced for spt'f'l rograpliie iiiialyses a<le(|ijate for ideiitifjeation. 

From the above ('xainph'S, wliieli have l)(‘en selected at random, it 
is up|}iir<‘iil I hut Hpeel roseojiie itu'lliods may he itpplii'd to Llio s(j|iilion 
(if Tiiaiiy div(*rse problems. *^l'lie eliiipl.i^i'H Hint follow contain detailed 
iiiroriiiiit ion desigrii'il lo iiid in seleelioii of the most suitable .spectro- 
seopie (‘<[uipinei]t for solving any specific problem, and in its- elTectivu 

1 1 se . 
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Selection of Spectroscopic Instruments 


SpECTItOHCOPEH A HE AVAILAHLB IN MANY DIVFJiiUiaNT TYPICH, II lid 

selection of even an all-piirpoae instrument allows of a ccrtiiiii degree 
of choice. To he considered in milking such a choice are (a) the range 
of wavelciigtlis over which the spectroscope can be used, (1>) the 
extent to whicii it disperses light, (c) the variation of tliis dispersion 
with wavelength, (d) the resolving power of the instrument, and 
(c) the hrigliliiess of the spcctrinn that it i)ro( luces. Important 
secondary eoiisideration.s are freedom From sciittcrcd light and false 
lines, sui table shape and size of the spectrum lines produced, and case 
of (idjiistinent. The relative hulkiiicss and iiortiibility, as well us the 
availability of different instruments, will often influence the final 
choice. Tlie relative importance of the Factors enumerated may well 
deterinine whether ti ])ri8in or a grating spectroscope will be chosen. 

2.1. Dispersion. 'Hie dispersion of a s])ee tro.se ope is a moiisiiie of 
the way it distributes light in space according to wavelength. This 
Ijroperty can be expressed as angular or ii.s linear dis])ersioii. AnQiilur 
di/tperslon (dO d\ in Fig. 2,1) is Fiindaineiital. It (lepeiula on the 
dispensing element used, and measures the variation with wiivelongth \ 



Fig, 2.1. Angular dispersion, and liiiBar dispersion, df/rlX. 


of the angle of ileviation 0 of I lie emergent ligiiL hejun. Of more 
fretjiient praelical use is the livear disipcritinn di;d\j which gives tlic 
actual distance dl of separiiLioii in the s[)eclriini of Lw'O close lines 
differing in wavelenglli hy dX. The reciiiroiiiil of this ruLio, called 




28 


SEUSGTION OF SPECTROSCOPIC INSTllUMliNTS 


:§2.: 


the qilaLe Jaclor or sometimes the reciprocal dispersion^ is ulrnost 

■ 

ulwfiys used in coniTiiaii practice to metisure the tlispersioii; thus 
30 A/mm indicates a low dis])er.siaii, whereas I A nini corresponds to 
a relatively high value. The linear dispersion ohtiiinc<l with most 
dUpei'sing elements can he controlled, since it ilepeiuls not only on 
the angular dis])ersIon but also on the distance between the dispcrsitig 
elenioiit P and the focal curve. Tlie inclination of this curve to the 
optic axis of the output side of the spectroscope also idlVcts the linear 
dispersion (Fig* ^-l). 

2.2. Resolving Power. The resolving power Pr of n. spectroscope is 
defined as X./dX, d\ being the wavelength interval between two tsloso 




1 



tines of similar intensity that can just 
be resolved with the histniincnt at 
wavelength X. Each spcclriiin line is 
ail image of the slit. Even if the slit 
is extremely ii arrow, its 


aijpreciablc width, in 


I 


image is of 
the form of a 
diffraction pattern consisting of n 
bright central inaximiiin on each shle 
of which arc lesser maxi in a. 


T 


wt> 


Fig. 2.2. Intensity distribu- 
tion of tho diffrnetton patterns oj 
two spectrum lines of wave- 
lengths Xi and Xif tliat are just re- 
solved, plotted as a function of 
linear position, I In the spec- 
trum. The TOHolving power Is 
X/d\, iiud Ihc linear dispersiuu Is 

dt/d\. 


spectrum lines of ecpial iiiLeiisity art^ 
considered as being jusl resolved 
when the diffraclion niaxiniiini of one 
falls on the tirst Tnininiuiti of the 
other, ^ The resolving powers of most 
spectroscopes lie he tween ,5()()() and 
200,000. 

Dispersion and re.solving power are 
often confused. Figure 2.2 illustrates their dilVeren<*e. Dispersion 
determines the approximate position in the spectnini at \vhi<‘li light 
of ii given wavelength will full; resolving i>ower deleriniiies how well 
that light enn be separated from light of other wavelengths fulling 
near hy. Resolving power and dis]>crsion are closely re Intend, since 
the resolving power of any spectroscopic device is e(|iitil to its dis- 
persing ]iower TniiltipHcd by its elfective linear aperture .1. In a 
prism spectroscope, A is as shown in Fig. 2.3. Hesolvitig powt*t' 
111 us dc] lent Is fundumeu tally on the material, shape, and quality of 
I he disiiersing element. However, the actual power of an instrunient 


' Iwiril Uu.vleigli, ’‘^Yav■c Theory.” Kncffe. tiriti., OMi wl., XXI\’. flSHK). 
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to resolve two close spectrum lines nin.y be reduced by it a auxiliary 
parts. In n visual spectroscope an inferior telescope lens or eyepiece 
may reduce the resolution to a value below that to be expected fi^om 
the resolving power of the prism or gmLing used. In a spectrograph 
the same loss may result from attempting to photograph the speebrum 
on a plate whose grainincss is too coarse to separate the linc.s definitely. 

2.3. The Dispersing Element. In gcncrnl, prism instruments arc 
more readily portable and somewhat more rugged tlian grating Lnstru* 
ments. They suffer from the disadvan- 
tage that their dispersion changes markedly 
with wavelength; ns a consequence, any 
particular instrument is useful over only 
a comparatively limited band of wavc- 
leugtlis. Their principal uses nvc for meas- 
uring simple emission and absorption 
spectra » for special purposes involving 
relatively high light-gathering power, and 
as small portable iiistriiincnts. 

Diffraction-grating sj>cctroscopcs give 
more uniform dispersion than prism iiistru- 
monts, and a single grating can be usc<l to 
cover a very wide spectral range, A good grating gives, in general, 
greater dispersion and resolving power than a prism of similar aperture 
or cost. For that reason gi'ating spectrographs are widely used in re- 
search laboratories, e.specially for cmi.ssion spectroscopy. The prin- 
cipal disadvantage of most d i if ract ion -grating iiiatruments is that they 
suffer from astigmatism; this defect can, liowever, be eliminated by 
metUoda discussed below. The shortcominga somebiincs note<l in the 
]>ast, that gratings are fragile, wasteful of light, and produce so many 
false lines as to be usclcas for analytical purposes, have been elimi- 
nated. Overlapping of <Ufferent orders of grating spectra in certain 
roglons need cause little diffieLilty. 

2.4. Dispersing Prisms. The dispersive action of a prism arises 
from the variation with wavelength of the refractive Index of the 
material of which it is composed and From the angle between its 
entrance and exit faces. In regions of normal dispersion, rays of 
short wavelength are bent more in passing through a prism than arc 
those of longer wavelength. The variation with wavelength of the 
refractive index of a suitable prism material, and hence the dispersion 
of a prism formed from it, tends to increase rapidly os an absorption 



Ffg. 2,3. Effective fill oar 
aperture, of a prtsni Cor a 
beam of radiation emei^ng 
from the exit Cnee at an 
angle to a the perpendicular. 
If / ia tlio lonfftli nf tho exit 
face, /I " / cos oc. 
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band ia approached from either aide. The usefulneBa of the material 
therefore becomes greater from the standpoint of dis]>eraion as it 
becomes less from the standpoint of light transmission. This relation 
is illustrated in Fig. S.4j where curves showing the variation of ref me- 



Wavelength 

Fig. 2,4. Refractive index ae a function of wavelength for 

several prism materials. 


tive index and absorption with wavelength arc given for severid of 
the materials most commonly used in prisms. The (lisporHioii lU 
any wavelength is measured by the slope of the refractive index curve, 
and is greater as tliis is steeper. 

The dispersive power of a prism is often 20 times as gr(*at at one 
end of its useful spectral range as at the other, with a re.siillaiit 
equivalent variation in resolving power. Quartz prisms, thongli 
transparent at wavelengths longer than 4500 A, have diininislieil 
usefulness there because of their low dispersion, an<l at wavelcngLln 
shorter than 2000 A their transparency is low. Most glass prisiiis- 
arc en'ectivc only in the spectral range 10,000 to 3500 A. 
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Miodcrn dispersing prisms arc usually cut witU 00-dcg refracting 
angles. This choice is a compromise between smaller angles, which 
give less dispersion, and larger angles, which require mo 1*0 material, 
produce a greater loss of light, and result in decreased aperture. With 
material of low avei'age refractive index, it would be advantageous to 
use a prism of larger refracting angle than 60 deg, but the 60-dcg 
compromise is close enough to the optimum in most cases to make 
special angles unnecessary. 

The angular dispersion dQ/d\ of a prism is given approximately 
by the formula 

do d^ g tan i 

d\ d\ n 


where 0 (the angle of deviation) is the angle between the rays incident 
upon ami emergent from the prism, n is the refractive index of the 
])rism material, and i is the angle of incidence of the ray on the prism, 
*is shown in Pig. 2.5. This formula is strictly true only for tho case 
of minimum deviation, in which tho rays pass through the prism sym- 
metrically, the incident and emergent rays making equal angles with 
the normals to the prism faces at which the rays enter and emerge. 

The resolving power P^, defined as X/dX, is given for a prism by 


the Formula 



1.22 
■ ■ 

n 


where T is tho thickness of the ])rism base. 
It can bo shown that this value is equal to 
the (lispor.sioii, ns given above. Limes tho 



linear width A of the beam entering the 
prism. 

A pri.sm is ordinarily shaped so that it will 


Fig. 2.5. Ray passing 
through a prism at mini- 
mum deviation, under 
which conditions Zi = rfl. 


accept a beam of circular cross .section falling angle of deviation ; T, 

on its front face at approximately the angle thickness, 

of minimum deviation. This coiulibion leads to a .sUtuclard .set of 


dimension ratios for any material, the knigth of face of a 00-dcg prisui 
being for most .substances roughly 1.0 times it.s height. For good 
definition the pri.sm height should l)c at lcji.st three times as great a.s 
Ihc inaximinn length of slit that is to be used with it, and preferably 
the ratio .shoulrL be even greater. Speclriiui lines i>roduc:od with 
prisms are ciirvctl, aii<l defitiitioii may be lost when the pri.sin-slit 
height ratio is too small. 
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Both dispersion and rcsoiviiig power can be increased if u. iiuml>er 
of prisms arc used in train, or if a beam of light is sent through the 



(c) S slits (f) 20 .hUls 

PiE* 2.6. Riffraction patterns produced by various nutnbers of equidistant 
slits Illui^nated by parallel Monochromatic light. (From F. A. Jenkins ninJ 
H- I'*- liitc, h ttn<ia mentolft of iVrcfimw-Mill l)i>olc ('(impany, Iiic.. 

New York (1037), page 147. Courtesy authors and publisher.) 

same prism several time.s. Attempts to bring about a large incr(?H.se 
in these quantities by either means usually result in difncultio.s due to 
scattered light or to undue loss of light by rcdectioii aji<l idisorptioii, 
long before resolving powers arc reached that are equivalent to those 
obtainable with diffraction gratings. 

2.5. Diffraction Gratings. The diffraction grating has been in use 
for more than a hundred years, but its full potentialities have not yet 
been realized on account of the difficulty of ruling and reppoducing in 
qiuuility gratings of high quality. Even so, many modern gra tings 
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arc superior in a variety of ways to modern prisms. A difFmetion 
grating consists essentially of a large number of close equidistant slits 
or diffracting lines. Tlie greater the number N of these slits, the 
greater the theoretical resolving power of the grating. The more 
closely tliG lines arc packed together, the greater tlic dispersion of the 
grating. 

Figure S.G illustrates the diffraction patterns that result when a 
collimiitcd beam of monochromatic light from a slit falls on various 
numbers of cquhlisLaiit slits and is then brought to focus by n tele- 
scope lens. The grating space, or distance between the slats, hns been 
assumed to remain constant in the various diagi'ums. The successive 
maxima, which correspond to the different orders of a diffriictioii 
grating, arc seen to become sharper and more dcAnitc as the number 
of slits (grating rulings) is increased. Multi j)lc patterns are produced 
by a grating when a beam of light contaiiiing several wavelengths 

Wavelength 


332Z II O II 2Z33 

Order of Spectrum 

Pig. 2.7. Distribution of various orders of spectra prodvcod by a diffrac- 
tion grating for radiation of two wavelongths, and 


falls on it, each ])attcrn to a scale proportional to the wiivclciigtli of 
light involved in iLs ])ro<hictioii. The resulting composite pattern 
foriiKs II group of Hpectra in various orders. This comlition is illiis- 
Initcd in Fig. 2.7, drawn for ii beam containing waves of two lengths. 
In .sniall grating .sj ice trorne tors and speetroscopes, tninsniission 
gratings arc comm only used. These eoiiHist of trail. spa rent pin ten on 
wliich there arc thousands of dilfractiiig lines. The lines may he ns 


few IIS SOO ])cr inch in a very coarse grating or as many us £(0,000 per 


inch ill a fine higli-disjiersion grating. 

barge .sjiectrographs generally employ reflection grtitiiig.s. Orig- 
inal gratings of this type tire ruled on highly polished mirrors, of 
aluiniiiuin-cofited glass or of other materials, and inny be either plane 
or t;om*avc. Concave mirrors up to seven inches in iliaineter have 
been .success fully ruled with as many ns IBO.OOO lines, and even 


larger plane gratings have been ruled. The ruling of u largo ililfrae- 
lion grating jjreseiits considerable tlifliculty, since the lines, engraved 
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on the polished surface by a sharp diamond, must be straight, parallel, 
and equally spaced. Standard ruling sx^nciiigs arc approximately 
5000, 7500, 10,000, 15,000, S5,000, and 30,000 lines to the inch. 
Killing a large grating may require two weeks or more, during which 

time the ruling engine must be kept operating uniformly and at 

■ 

constant temperature. 

A reflection grating lias the great advantage that the light docs not 
traverse material which will inevitably vary in transparency in differ- 
ent regions of the spectrum. If necessary, a single grating can be 
used to cover the range 100 to 10,000 A. When a grating is ruled on 
a concave mirror, a concatfe grating is obtained, which requires no 
lenses for collimating or focusing. The concave reflection grating, 
developed by H. A. Rowland in 1882,* is one of the most powerful 

dispersing devices available. 

The angular dispersion of a diffraction grating 
with fixed slit is given by the formula 

do _ Nm 

dK -1 COM 0 

where N is the number of rulings on the grating, 
m is the order used, and A is the linear aperture 
of the grating, in this cose the distance From the 
first ruled line to tlie last, as shown in Fig. ^.8. 
The direction 6 in which any particular wave- 
length X will be thrown by the grating is given 
by the formula 

?aX = (sin i ± sin 0) 



Fig. 2,8. Lineal* 
aperture A of a dif- 
fraction grating. Tho 
width fy <>[ a beam of 
rndintion diffract-ed 

at BrU angle 9 is re- 
lated to the linear 
aperture A by tbc ox- 
pression JV A cobO. 


where i is the angle of incidence of the light on the grating and 0 is 
the angle of enaergence, both measured from the normal. Oiltcroii- 
tiating this formula gives the dispersion formula previously cited. 

Near the normal to the grating, the dispersion is ahno.st uniform, 
and a so-called normal speclrum is obtained. This spectrum is most 
convenient for the identification of spectrum lines. Hy varying i, 
any desired range of wavelengths can be thrown to the vicinity of 
tho normal. 

The resolving power 1% of a grating is given by the formula 



* H. A. Howliiiid, /'/riV. ^/ay., 13, ‘1(10 (ISSC). 
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where N, as before, is tlic total number of rulings and m the order 
used, X is the average wavelength of the Lines, and d\ is their separa- 
tion in wavelength. Two spectrum lines that are just distinguishable 
in a given order of a grating containing, say, 10,000 rulings, will 
a])pcar ns a single line if a grating with a smaller number of rulings is • 
used, owing to the deci*Gasc in sharpness of the dilfractioii patterns 
prodticed and the resulting lower resolution. 

As an example of tiie use of the above formulas, we may consider 
the ease of the iirst-orxlcr spectrum of a 30,000 line/in. grating with 
0 ill. of ruled width, for which jri = 1 and N — 180,000. Changing all 
units of length into angstroms, A — 6 in. X £5.4 mm /in. X 10"^ A/mm 
^ 15£ X 10^ A; cos 0=1; d0/d\ — 0.000118 radian per A for the 
dispersion on the normal in the first order. If this grating were used 
in a spectrograph that focused tlic spectrum at a distance r of £1 ft 
(0300 mm) from the grating, the linear dis]>CTsioii dl/d\ would be 
T ' dO/d\ or 0.743 mm/ A, Inverting this to get the jdatc factor, Ave 
obtain 1.35 A/mm. The theoretical resolving power of this grating 
Pr = — X/dX would be 180,000 in the first order, 300,000 in the 

second order, 540,000 in tlic third order, and so on. A perfect grating 
of this tyjie coidd then be expected to separate, at 0000 A, two lines 
of equal intensity not closer than 0.033 A in the first ordet, 0.0107 A 
in the second, and 0.011 A in the third. A grating cajiablc of such 
performnnee has not yet been ruled. Although in a good grating the 
first order is likely to give nearly the theoretical resolving power, the 
second Avill ])crhiips give only half again as much as the first, and the 
third perhaps only double tlie first. In any iictiuil grating some 
orders come iniicli closer to perfection than others, for reasons dis- 
cussed in Cfiiaptcr 4. 

The ruled area on a grating is rectangular in shape, the lenglli of a 
ruling usually not ex<;eediiig £ in. on a concave grating and 4 in. on 
a plane grating. Pactors having to do with astigmatism make short 
rulings <lesii‘al)le in the case of a concave grating. 

Most of the (liff ruction gratings used in small H])eetroseo])es ii]> to 
11)47 were not original gratings but were replicas made by a process 
devised by 'I'borp^ and perfected l>y Wallace?,'* in which a thin film is 
formed when dissolveel collodion or gelatin is poured on the surface 
of a gntliiig. When this film hardens, it forms a cast of the riilings. 


■' 'r. 'riiiirp, Miitirht'fttrr hit. tttttf l/ivji., 44, 1 

^ H. -f. \Yiillar«. Aatruphtfu. Jottr., 22, IfiS (IIMW). 
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The Blm is stripped oS and is then carefully mounted on a plate of 
optical glass. Such a grating cannot be expected to show the full 
resolution of its parent but may give slightly greater dispersion as a 
result of shrinkage of the grating space. Its use is of course limited 
to tJie transmission region of glass. 

In I04T White and Frazer* of the Perkin-Elmer Corporation devel- 
oped a process of making fairly good concave grating reflection . 
replicas l>y casting a thin plastic model, fronted with an evaporated 
aliiminLim coating and backed with dexible plate glass, of a convex 
master grating ruled by R. W. Wood at Johns Hopkins. Although 
the replicas duplicated the master grating closely, tlie thinness of the 
flexible backing appeared to limit tlie resolution obtainable. It 
seems probable that improved replica gratings will soon become 
widely available. 

The distribution of light among a number of grating orders natu- 
rally results in a loss of light in any one order. This loss can be 
reduced considerably by shaping the point of the ruling tiiainond so 
that more light will be thrown in one direction than in aiiothcM’, It 
is desirable, in any case, to have most of the light thrown into the 
orders on one side of the central image. When very high re.solviiig 
power is c\^sired, a grating can sometimes he found in which most of 
the energy is thrown into the higher orders. In general, if a grating 
shows higli intensity in one order in a given direction, lines of all 
other orders lying in that same direction will tend to bo strong. Thu.s 
a grating that is found to give high intensity on one side in the second- 
order green (5500 A) may be expected to be briglit also in the infrared 
near 11,000 A in the first order and in the ultraviolet near 3600 A in 
the third order. This effect cannot always be couiitoil on, liowevor, 
since target pattern may change the distribution of light, as discussed 
in Chapter 4. 

Before proceeding to the detailed comparison of prism and grating 
sj^ect rose opes, it is convenient to consider other parts of the instru- 
ments that are essentially identical in the two cases. 

2#6. The Slit. Since a spectrum line is merely a monochromatic 
image of the slit, the slit is one of the most important parts of a 
spectroscope. The accuracy with which it is made and can be 
adju-sted governs the character of the spectrum lines produced. 
Therefore the slit may have an important effect on resolution. 


® See P. W. Woo(J, Jour. Opi. Rof Am.^ 36, TlS (104^). 
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The slit width should be variable and in fine instrumenLs should be 
capable of adjustment between 1 mra and 0.005 mm. The slit jaws 
arc usiinlly sci>iirated by a calibrated screw acting in opposition to 
a spring that tciifls to move them together. A typical spectrograph 
sUt is shown in Fig. S.O. 



i 

■ 

Fig. 2.0. Typical small -apecto graph slit, (("uiirlrsy 

Ash ( ■<>in|iiiiiy, Ilosl-Mii.) 

Ill order IhiiL the space l>eLweeii the jaws slmll form u suitable line, 
it is iieee.ssnry Ihal the edges of the jaws lie iieciiralely ground 1<j 
si raiglit nc'.ss and nioniiied truly parallel, and Mint the front faces of 
I he jaws lie in the same plane. M'lie jaw edges art^ ordinarily heveletl 
so I hill, liglit refieeted from Ihein will not enter the speclix)st:ope, am) 
I he beveled side is turned away from the entering beam. 

Slits in whieh only one jaw is movable, the so-called unilateral type, 
are <*heaper I ban the syinmetrieally opening type hut have the dis- 
advantage that the c'enten-i of speetrnin linos prodnw’id with them 
move when the slit width is ehaiiged. AUhoiigli the bilateral .slit is 
neee.ssarily more coui]>li(?nLed to coiislriiet, a iiiiinher of very satis- 
fnclory forms have been devi.se<l. .\ slit of Ibis type is desirable on 
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ttiiy good spectroscope. The best adjustable slits are made to close 
nt the ends oiily^ so that their sharp jaw edges will not be marred by 
oai'eless closure. The jnws sliould be made of some hard and durable 

materinl, such as steUite or stainless steel, which can be ground to a. 
sharp edge and polished. 

A simple slit can be made by coating a plate of quartz or other 

transparent material with a thin opaque coating of metal or lacquer 

aiid by engraving lines of the desired width in this. Slits of several 

widths may thus be provided, the proper one being set into the slit 

holder as needed. Por certain purposes such slits are more useful 

than the adjustable type, since a definite slit width can be reproduced 

more accurately than by setting a screw for which backlash and zero 
position may change. 

The slit is 'usually mounted in a drnwtube in such a way that it can 
be moved into or out of the spectroscope for focusing purposes and 
lotated about a horizontal axis so as to be brought acciiriitcly parallel 
to the edges of tlie dispersing element. Diaj^hragms shoiiUl be ] 5 ro- 
vided with which the efiective length of the slit or the portions of it 
through which light passes can be varied. 

A slit that is almost closed may cause horizontal streaks to appear 
in the spectrum, becaii.se of dust particles which close the .slit entirely 



Pig, 2.10. Simple spectroscope system. slit; /.l. coiJiiiijitcJr 

lens, / j priain; ij- tclc^scopc #Y| — Yj, j^pucLriini. 

at tlie spots where they occur. Any adjustable slit shouhl occasion.- 
ally be cleaned by opening it and carefully stroking its edges in one 
direction witli a freshly sharpened stick of soft wood. 

2.7. The Oollimating and Kocuslng Systems. To give the greatest 
icsoliition, dispersing devices must be illuminated with a collimated 
benm of light, usually one in which the rays are parallel. The light 
that has passed tliroiigli a slit is flivergeiit. It may be made purullcl 
by a positive lens called the collimating lens, shown as ii in Fig, J2.10. 
After passing through the dispersing system (prism P in Fig. 2.10) 
the benni must be brought to a focus to give sharply defined image.*! 
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k 

of the slit. The lens that fulfills this function is called the telescope 
lens, camera lens, or focusing lens, depending on whether a vi.sua1 
spectroscope or spectrometer, a spectrograph, or a monochromator is 
involved. The functions of these lenses can, of course, be carried out 
by mirrors, which are sometimes used, especially in the infrared region. 
Tenses have the advantages over mirrors of giving greater light trans- 
missivity at most wavelcngtlis except the infrared, of fitting somewhat 
better into the geometry of the sx)cctroscopc, and of being easier to 
correct for certain aberrations. H 

In a good spectroscope, all lenses or mirrors are corrected for 
S|}lierical aberration, and so as to focus the .spectrum on a fairly flat 
focal surface. This surface is often curved to some extent, but the 
curvature is mode as small and ns even as possible. The focal surface 
in a pri.sm spectrograph is sometimes sharply inclined to the light rays 
that strike it, being closer to tlie prism at short wavelengths, owing to 
the higher index of refraction of the lens material for these waves. 
This condition is not undesirable, since the increa.sed apparent linear 
(li.spersion produced may in some cases be an advantage; spcctro- 
grnph lenses are therefore usually Left uncorrected for chromatic 
iiberration. 

2.8. Observing and Recording Systems. When the spectrum is to 
be examined by eye, an eyepiece is pi'oviiled that magnifies by from 
!) to 10 times the spectrum imaged by the telescope lens, This eye- 
piece, togetlier with the belc.scopc lens, forms a tclescoj>e for observing 
the beiinhs of monochromatic light that leave the dispersing element. 
This telc.scopc may be arranged to swing on an arm about the i)risTn 
.so that it can l)c pointed at the prism from different angles bo ol)Scrvc 
the varioiLS yiarts of the .spectrum. Alternatively, the telescope may 
be fixed in position and a special prism may be iLsed which, when 
rotated, sends succcH.sivc spectral regions into the eyepiece. The 
eyepiece is usiially provided with a fine cross hair, or with an il- 
hiininiilcd scale or pointer, to serve as a reference mark. 

The colliiniibing and telescope leiiHe.s of good visual .spectroscopes 
are alway.s corrcctcil for chromatic aberration, to avoid tlie iiecessity 
of changing the focus of the eyepiece with wavelength. 

In a s]>ectrograph, no eyepiece is needed. Instead, provision is 
made For holding a photographic plate or film so that the s])ectriiin is 
in focus on it throughout the range to be recorded at one time. One 
criterion by which a good spectrograph may be di.stinguishcd from a 
poor one is the ability to focus sharply, at one time, all the lines 
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within the spectral range incident on the plate. The platehohlcr 
(see the Following paragraph) should be such as to bend the plate to 
fit the Focal curve exactly. It is desirable to keep this curvature ns 
small na possible to avoid the necessity of using films or very thin 
glass plates. In some instruments there is so little curvature of the 
focal surface that the entire spectrum can be focused .sharply on a 
flat plate . 

The plntc or .film is held in a plateJiolder or cassHiet which, if neces- 
sary, is provided with templates to bend the plate to the ijropev curvii- 
tuTC. The plateholder is often provided with a dark slide that can he 
opened after the plateholder is in place, and closed when the plate is 
to be carried to the darkroom for development. The plateholder 
mounting usually has provision for moving the plateholder vertically, 
so that a number of different spectra can be photographed on the 
same plate. 

Prism instruments are sometimes provided with wavelength scales, 
which can be impressed on the spectrogram by swinging the engraved 
transparent scale into position before the plate and making a brief 
exposure to a small incandescent lamp. These scales are apt to shift 
with use and can be relied on to a few angstroms only. 

2.9. Comparison of Prism and Grating Spectrographs. Distnis- 

sion of detailed designs of prism and grating spectrographs will he 
reserved for Cliapters 3 and 4, but it is convenient now to coiiipiirc 
the general characteristics of instruments of the two types. Most 
important, perhaps, is the range of spectrum covered. mentioned 
previously, when a concave diffraction grating is used, only one 
spectrograph is required for working in the ultraviolet, visible, ami 
near infrared regions of the spectrum. With a prism spectrograph, 
howc^'^er, at least two sets of optical parts are required to cover these 
regions satisfactorily. Quartz prisms and lenses are ordinarily used 
for the ultraviolet region, glass for the visible, and rock salt, fluorite, 
lithium fluoride, or potassium bromide for the near infrared. Some 
prism spectroscopes are provided with interchangeable optical trains. 
To compare the relative dispersions of prism and grating instru- 
ments, it is convenient to express the angular dispersion of a prism in 
terms of the number of lines per inch required on a grating of equiva- 
lent dispersion (and if of the same linear aperture, a grating having 
equivalent theoretical resolving power). Such data are given in 
Table 1, where the first column lists the types of prisms considered, 
the second column gives the wavelengths to which the data apply, and 
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the third column .shows the luinihcr of lines per inch in a grating 
having the same angular dispersion ns the prism ref erred to. It is 
evident that a grating can be ruled which will give dispersion in any 
spectral region as great os that given by a standard prism. Since 
most gratings are ruled with from 15»000 to 30,000 Lines per inch. 
Table S.1 shows that practical gratings produce dispersions superior 
to those of single prisms for all wavelengths longer than about 2000 A, 
even in the first ortler. 


TABLE a.l 

ApPllfIXTMATM XUMIIKna OF XjI2fES PEIR IncII ON A CoNCAVT!] G RATING 

NuKUlin TO jSIatcii Drap?:iei4rf»NH of nO-Oi'ioiiKR Piiihm4 


Pririin tvjic 

IVnvclciiHtli, 

ill un({j!(lrt>iiiM 

Angiilnr 

(lifiperKuiii 

Linear (linporAkoii 

wilh inuximiim 
piste lilt 

( i h) SS 1 

1 

1 

j 

(100(1 

400(1 

fiOO 

AOOO 

IdUO 

14.000 

(^tiartz 

, ■ ■ ^ 

4000 ! 

{JOOO 

!2(HI0 

2000 

.10(HI 

:io,oo(i 

1 — 

oouo 

1 .ono 

00,O(K) 


It is much easier to obtain a dilTractioii grating having a ruled siir- 
face 0 in. wirle llian it. Ls to olftain a transparent prism of etpiivalent 
II per Lure. Cum in only used grutiiig.s have three tinic.s the linear tipcr- 
lure of the most coininoiily uscil prisms, .so that the grating has, in 
general, a considerable advniitiigc in resolving power. 

In prism spectrograpU.s, the }ihite is often tilted because of variation 
of the focal lenglli of tlie camera lens with wavelength, and the llneiir 
dispcr.sion idong the plate is greater thiin the value obtained by 
iiiulLiplying the angular dispersion by the Focal distance. With 
sliindard <|iiartx .s])eetrographs, the ajipareiit iniignificatioii of dis]>er- 
sioii which results may be as great as threefold, us shown in column 4 
o f Table 2.1. Even when this iidclitioiial apparent dispersion of the 
prism spccLrogruph is taken into iiccoiiiit, practical gratings give <]is- 
per.sions exceeding those of single ])nsins at all wavelengths longt^r 
Lhnn about 2500 A. 

If we coin pare spectrographs having the same linear aperluro and 
I'ocid lenglli, a 30.000-1 ine-yier-in cl i grating inslruinenl will excel a 
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glaas-prianx instrument in dispersion and resolving power at nil wnvc- 
lengtUst and a quartz-prism instrument at all wnvelengtiis longer tliiui 
^00 A> even in the first order. The second order of the grating is 
also available for the short wavelengths, giving double the dispersion 
and increased resolution. 

That the various orders of a grating overlap is sometimes cited ns a 
disadvantage of tlie grating spectrograph. Undesired orders can 
usually be removed, however, by filters or by crossing 'with another 
spectroscope, which may be one of low dispersion. 

Pigure 2.11 shows the distribution of wavelengths in typical spec- 
trograms taken with prism and grating spectrogi'ai3h.s that givo 
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Ffg. 2.11, Comparison of a prism scale, a, for a quarts prism, and a gratlug 
scale, bf for normal dispersion, in the case of two spectra of equal length from 

2000 to 4000 A. 


spectra of the same over-all length from 2000 to 4000 A. Tho ci-ovvd- 
ing of the prism spectrum at long wavelengths is obvious. Tt should 
be emphasized, however, tlint this crowding is of importiincc only 
where wavelengths are being considered. In terms of fro<picncicM <u* 
wave numbers, the prism scale is more uniform than that of tlii'! 
grating. 


2.10. Speed and Efficiency. 


The principal puipose of a si)C<?l ro- 

Thc 


scope is to separate light in accoidance with its wavelengths, 
greater the resolution of the instrument used, the greater the ] 3 iirily 
of the spectrum produced, other factors remaining constant. TTcs’W- 
ever, the purity of the spectrum depends also on the "width of the si it 
used, the focal lengths of the collimating and camera lenses, and the 
freedom from scattered light and false lines. 

The spectral purity of light that can be isolated by a slit of given 
width can he increased by increasing the focal length of the caiiicu'iL 
lens. This procedure will cut down the intensity of the spectpiini, 
however. For a given prism or grating the intensity of light ii-t tt 
given position in the spectrum and the piiritj'^ of the sj>ectrum at tlinl 
point can. each he altered only at the expense of the other. The 
ej^ciencff of a spectroscope is defined as the product of intensity tiinc.s 
purity, A small prism instrument of high light-gathering power and 
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low dispcraion may be as cfficioiit ns a large cone nve-gra ting spectro- 
gi’a]}h of low iigJiLgntheriiig power and high dispersion. 

'I'lie speed of a spectrograph is a measure of the intensity of the 
light it transmits at any wiivclciigth. The speed at cncli wavelength 
varies directly with the transmission factor of the instrument and 
inversely with its a()crtiirc ratio, which is the ratio of the focal length 
of the s])cctrogra])h to its linear a]>crturc. The aperture ratio is 
e<iuivalcnt to the / number ns used with ordinary camera lenses. 
Aperture ratios of prism spectrographs usually lie between 7 and 15, 
whereii.s large cpiartK Littrow instruments usually have an aperture 
ratio of about S3, A standard 21-ft concave -grating spectrograph 
ordinarily has an ay>crbiire ratio of horizontally tuid ISO vertically. 

Concave gratings arc ordinarily not used at high-ape rlLire ratios 
because the greater the curvature of a grating blank, the more clilTlcult 
is it bo rule, since the ruling diamond will cut on dif¥ci*cnt portions of 
its edge at clifl'crent stages of the stroke. The aperture ratio of a 
given grating can be doubled by using the stigma tie mounting dis- 
cussed ill § 4,7, which cuts the effective focal dist^iiicc of the grating 
in half, making i^eadLly available a horizontal aperture ratio of 

The <lifrracbion grating has a fiinrlameiital advantage over the 
prism ill sefiarating energy in accowhince with wavelength. This 
advantage was at one time olYset more often than not by the low 
trunsinis.sioii factor re.sulting from the low inflecting power of grating- 
mirror iniitcriuls, which rc.sultcd in greater losa of light than that 
caused by the absorption and i*c flections in prism ijistrumeiits. Since 
the introduction of gratings ruled on aluininiiin-covereil glass sur- 
faces, grating spectrographs have lieen mafic with Iransmissifin 
factors larger than those of prinm iiisbrunients equivalent in size and 
in ])urity of spectrum. Grating spectrographs have the reputation of 
low liKht transmission because in the past they were ruled on .specu- 
him metal, which has a i^^flectiiig ]>owcr of 10 per cent or less for 
wavelengths in the fur ultraviolet. Aluminiiin-nn-gltiss gratings 
having reflection factors of 05 per cent even in the ultraviolet are nob 

inicominnii boflay. 

Formerly, another limitation of the grating wiis its waste of light, 
since as much as 50 per cent of the light sometimes went into tiie 
nndisper.sed central image and Of) per cent of the rotnainfler into orders 


nob heiiig useil. 


This effect has been overcome l>y .selection of diu- 


tnonrl ixiints so .sha])ed that they engrave riilitig.s w'liicli throw much 
of the light ill one general direction. An aluininiim -on -glass grating 
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ruled by R, W. Wood * has been found by measurement to throw 
80 per cent of its reflected green light into one first order. This 
directional effecti coupled with an 80 per cent reflection coeflicient for 
the grating material, results in the appearance in one first order of 
more than half of the green light sent into the instrument. Such n 
transmission factor is somewhat greater than that of most ])riKm 
spectrographs, where the presence of from 6 to 14 qimrtz-to-air or 
glass-to-air surfaces results in large losses by reflection and scattering. 
Prism spectroscopes have seldom been found to transmit more than 
30 per cent of the light .sent into them when their transmission factors 
have been measured precisely. 

2.1 L, Scattered Light and False Lines. Most concave -grating 
spcctrogi'aphs using original ruled gratings, as opxioscd to rcpliciiH, 
show less scattered Light than prism instruments, because of the 
smaller number of optical surfaces they contain. Usually the ligbl 
scattered from a grating ruled on an alnroiniim surface is fur less than 
that from a speculum metal grating, because of the grainy character 
of the latter. Coating a speculum-metal griitiiig wdth alumininn will 
increase ita reflecting power and hence its speed, but this i.s of little 
aid in reducing scattered light, since the latter is increased in intensity 
prox>ortlonAtely to the inci'cnse in intensity of the spectrum. 

All gratings show false lines of a type known as ghoslft,"^ Rowland 
ghosts are produced by periodic errors in the screw that moves the 
diamond forward il definite amount between strokes while the grating 
is being ruled. These ghosts, though annoying if intense, caii.se much 
less trouble tlian the so-callcd Lyman ghosts, which are produced by 
II diflerent type of irregularity hi the drive of the riding engitie. 
Lyman ghosts are usually widely separated from their parent lines. 
Thus a line of wavelengtii X may be found to have J^ymaii ghosts iil 
[lositlons corresponding to X/a, SX/a, 3X ^a, , . . nX/a, where a is nn 
integer. Although these ghosts have the color of the parent line and 
so can often be distinguished visually, in spectrographs they may 
cause great confusion and have led to many errors in the past. Por- 
tunately, Lyman ghosts are seldom strongly present in gratings ruled 
on modern engines. A grating that shows bheiin in intensity grenler 
than about 0,01 per cent of that of the parent lino should bo considorcM I 


• It. W. Wood, Jour. Opt. Sor. Jni., 34, 509 (1044). 

’ See W'. F. Meggers, C. C. Kicaa. C. Range, and J. A. Anderson, Jour. Opt. Sor. . I 
6,417 (1822). 
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IIS unsiiitalilc for ordinary work. The 1 ) 1*0801100 of Lyman ghosts can 
readily be detected by methods described in § 5,«S and in Reference 7. 

Rowland ghosts, if ])resent, arc easy to detect. Usimlly two or more 
I)iiii*.s of cfiiudly intense ghosts will be foimd symmetrically placed 
about every very .strong line, ns shown in Pig. 3.12. The user, once 
riiniiliar with a given grating, has no difRciilty in iilenti tying Rowlniwl 
ghosts or in knowing when their presence can be 
negiccterl. In a good grating such ghosts will 
liHve intensity less than 0,1 per cent of the piir- 
ent line and can (Lsually be neglected entirely. 

2.12, Shapes of Spectrum Lines. The lines 

produced in a iirisin spectrograph are not 
straight lint arc curved ns a result of the in- 
creased deviation of rays that ])ass through 
I he fmsin oblicpiely. This curvature sets it 
limit to the length of slit that can be used willi 
a given col limn, tor lens. 

(h'fitiiigs ])roducc very straight spcctriim lines and give Fairly uni- 
form inagiiificfibion of the slit images, an important consideration 
ill many t,y])es of photographic photometry, including those using 
logiiritluiiic si)iritl disks or step sectors. 

Tlie coil tour of a spectniin line is likely to be of the form shown in 
Fig. 3,18a. A prism spectrogram or one frnni a good grating will 
usually show smooth and syiii metrical line contours, but in imperfect 
gralitig.s the lines are apt to a])pear iri*egiibLr or asymmetrical, as 
shown in Fig. 3.18b. This effect is usually up ])ii rent only in gratings 

of liigli dispersion find rcaolvitig 
power. It will he discussed further 
ill 8.13 and 30.4. 

2.13. Astigmatism. A lens or 
mirror, unless anastigina Li cully de- 
signed, produces a true image of an 
ohject only when both lie c;Iohc to 
the optic; axis. As the angle of a 
beam oF light, departs From the op- 
lie axis more and more, greater 
ainounts oF astigmalisni are intro- 
diicrc'd, the ray.s being brought to it 
line Focus al one dislance and to a seeoiul line focuis perjiciidieuliir to 

the first al a greater <iistanee, as shown in Pig. 3.14. In orfliiiary 


A 

(a) (b) 

Fig. 2.13. Contours of spectrum 
lines, (ji.) Iti'xiiliir [■4»iiluiir, ii.*; pnt- 

itiic'crl )>y }i friMHi |{riitiiif< or priMin: 
Mti i r I'tf 1^11 111 r c‘<iiiloiir. |>i‘u<liic'Oti 
1i,v ri 4|<‘ri!i‘| i VC’ xmliiiif. 




Fig. 2. 12. Photo- 
graph of Rowland 
ghosts of a diffraction 
grating (mercury line 
at 5461 A). 
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prisxD spectrographs, most of the rays passing through the camera 
lens deviate very little from the optic axis^ and the astigmatism 
can visually' be neglected, since extremely fine focus is needed only 
in the horizontal direction to resolve close spectrLim lines, and n 



Fig. 2.14. Astigmatism produced by ft lens. Oft-asis ray.*! from ihc 
come to focus in two line images, Q\' and Q2'> The position of miiiiiiuiiTi hen in 
cro.sM section is called tlic circle oj lea,*tt coitjusion. (From A. lltiniy und F. 11. 
Perrin, Principles of Optics, McGniw-HiU Book Company, Inc., New York (lOlW), 
page 100. Courtesy authors and publishers.) 

focus only one-tenth as sharp will seiwe in the vortical direcliou. 
Also, the camera lens can be figured so as to reduce astiginatisni. 

The spectrum lines produced by a concave diffraction grilling, iis 
ordinarily used, arc astigmatic images of the slit, each illiiminaL<*cl 
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]>oint on the slit being imaged ns a vertical lino in the spectrum rather 
than as a point. No decrease in the purity of the spectrum results so 
long as the slit is accurately parallel to the rulings of the f^ating and 
neither the slit nor the astigmatic images are curved. With most 
gratings a very slight line curvature docs exist, and it is advisable to 
keep the illuminated portion of the slit or grating as short ns i^ossiblo 
ill the vertical plane wlien high resolving power is required. 

Since each astigmatic line image is longer than the slit Lliat pro- 
duced it, astigmatism may result in a decrease of .specfl, which be- 
comes very serious at large angles of incidence and reflection. In the 
high orders of a grating, astigmatism may produce a twenty fold 
dccrea.se in intensity when a short .slit is used, as discussed in § 4.0. 

more important disiul vantage of iistlgmatism is that tlic long, 
11 .S]>ectruiTi lines produced by an astigmatic spectrograph mask the 
variation of illumination along the slit, which might otherwise reveal 
important information about the source of light being stiulied. A 
jirisni or a (liiipliragrn for producing comparison spectra ciiniiot he 
placed at the slit of such an instriinienl, nor can rotating photometric 
disks be used at the slit, us they can with a .stigma tic instrument, 
unless special compciisatinii is in trod need. 

Astigmatism is occasioiilly uscrul, as with certain types of iiiten.sity 
moasitreinents, and for iiroducing spectrograms that are neat in 
a])peaniiK!e. The nstiginatisiu of concave gratings ami inethofls for 
overcoming this, some of which are applicable to all iistiginatic 
specrlrographs, are furtlier discussed in § -ii.f). 

2.14, Space Requirements. A gniting spectrograph requires no 
more sjiaee than an equivalent jirl.sin spectrograph. Many grating 
Inst id lal ions are large beciinse bulk can be tolerated and niiicdi can be 
aecotnplislied with the incM'eascd dispersion and range thus ina<le 
available. Prism instniinents arc not made large ])riiic*ipiilly hecanse 
large jirisins are very cxi>eiisive and are apt to absorb much light at 
sliorl waveleiigllis, and because of optical limitations on llie leiisc's 

iise<l. Tlie slaiKlard (l-iti. grating usually has a i^l-fL focal length. 
Tills focal distance results in n largi> spe(;trogrii])h. If the .size must 
be h(‘lcl to that of a standard Lit trow ])rism spectrogiMpli, a smaller 
grating <tiLii be used an<l the inslnimeiit will then ocrciipy no more 
spaca' than the equivalent ]>risni instriinien I . Various designs of 
prism iiistriiineiits are discussed in (vliajiter fl, and in ('hiipter 4 the 
dilVepent tiioniiLings in which concave gratings have been used are 
cle.scribed in detail. 
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A diffraction grating can be arranged to give at liigh dispersion with 
a single setting tKat part of the spectrum most commonly ])hoto- 
graplied, from 2000 to 5000 A. When one uses the stigma tic mount- 
ing discussed in Chnptcr 4!, it is often convenient to cover 2500 to 
5000 A in the jQrst order, with SOOO to 2500 A overlapping in the 
second order. This overlapping ordinarily causes little inconvenience 
when line emission spectra are involved. Three 10-in. plates placed 
end to end can be used to cover this range witli a dispersion corre- 
sponding to S.3 A/mm, which is sufficient for much routine work. 
Photographing SO in. of spectrum at one time requires that the 
spectrograph be somewhat wider than the standard prism instrument. 
In the prism spectrogi'aph these tliree ranges woidd be photogrnplicfl 
separately, one after the other, adjustments of tlic prism, phitc, and 
optical system being required between exposures. When .space is 
more important than time, n narrow mounting can be used for the 
grating spectrograpli, enabling a single plate to be usetl witli adjust- 
ments similar to those required by the prism instrument. 

2.15. Summary of Comparison. The results of the roivgotng dis- 
cussion arc summed up in Table 2,2 where -\- indicates that the device 
so marked is superior to the other in the quality indicated. 


TABLE 

SUMUATIT OX Com r.A UIBON' nBTWEKN’ PhISM AXD (xKATlXU SeHCTJM iC^JlAl'IlS 


CJinmcLcrisLicfl 

Prism 

instruniciiLa 

(imliiig 

iiisl ruiiK'iits 

■ 

Spectra) range 



Linear aperture 



Re salving p(»wer 

1 

+ 

Relative disperahnn 

1 

•f 

1'aiforiiiity of dispersion: 


1 

By wavelength 


+ 

By frequency 



Speed 

+ 


Frecdora from: 



Astigmatism 

-h 


Stray liglit ' 



•Spurious liucs 

H- 


Line curvature 


+ 


In the past, grating spectrographs have been usc<l less oPleii (liini 
pri.siTi spectrographs for n very simple reason : the difficulty of <?on- 
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structing and operating satisfactory ruling engines, A sccoml jirob- 
lent! to be solved has been a metallurgical one : to obtain a me till liard 
Euoiigh to be figured accurately and polished like glass and soft 
enough to avoid wearing out the ruling diamond too rapidly. A 
practical solution has been to figure a glass mirror and to evaporate 
on this a coating of chromium, and then on this a coating of a In- 
in ilium. The ruling is then done on the soft aluminum surface, wliicli 
gradually protects itself with a thin transparent film of oxide, louviiig 
a surface that reficcts quite well all wavelengths ))C tween lOOQ and 
10,000 A. Such gratings are not so sturdy ns prisms hut last well 
under proper care. 

Original cliff ruction gratings cost from $200 to $l£i00 apiece, al- 
though the price varies greatly with the soiirec of supply, aiul the 
size; replicas arc somewhat cheaper. A quartz prUm costs about 
the same per unit area of aperture, and ii glass prism some what, 
though not much, less. Since both cpiartz and glass prisms must be 
provided to give the (le.sirablc spectrum coverage, to say nothing of 
the auxiliary Leii.scs and jirisms that are required, it is jusLifialilc to 
coticliKlc that a grating s])ectrograi)h is fund amen tally n lc,ss expen- 
sive piece of apparatus to build tliaii a prism spectrograph. A con- 
cave grating costing $800 can be made to do tlie work of a quartz 
prism costing $10,000, if mere size is a criterion. Gratings .seem 
ilc.s tilled to conic into much wider use as their availability increases. 

-A partial list of manufacturers of spec tro.sco pic equipment is given 
at the cud of this chapter. M!ost of the firms listed arc glad to Furnish 
material giving detailed descriptions of their apparatus, and are 
usuully willing to supply sample spectrogi‘am.s. The most widelj' 
used typos of prism .spectrographs are described in the next chapter, 
41 nd grating imstnimetits are discussed in Chajiter 4. 

2.16. Monochromatic Illuminators. Isolation of a eomparali voly 
narrow band of spectral wavelengths caui be produces] by men ns of 
absorption filters, refraction filters, interference filters, or especially 
adapted spcctroscofics called ifumochrtimators. The various types of 
Niters arc described in Chapter 14. Monochromators may be of 
siiccdal design, to give convenience in cliaiigiiig the wavelength of the 
isolated beam or extreme freedom from scattered light, or may consist 
merely of spectroscopes in which an exit slit has boon provi<lcil in place 
of a viewing eyepiece. The most sati.sfaetopy monochromators are 
those de.signed with Bxed ciitranec and exit s]it.s, so that llie einergeiil 
beam has a fixed direction no matter what its wa veleiigtli, Frisin 
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monochromators arc described in Chapter 3 and those using griibings 
in. Chapter 4. Almost all spectrometers for use in the infrared region 
are monochromators of types described in detail in Chapter 17, 

ReFS£BGNTATI\^ iVlAmiFACTURBRS OF SPBICTROSCXJPIC EOl;£P.^^KNT 

The specialties listed for each manufacturer arc intcmlcd to be iiulieativo 
only, and do not imply that products arc limited to those men tinned. 

Applied Beacarch Laboratories, Glendale, Calif, (grating spectrographs and 
equipment). 

Applied Physics Corporation, Pasadena, Calif, (automatic recording speciru- 
photometers). 

Baird Associates, Cambridge, Muss, (grating apcctrograpliM, iidrared C(|ui]}- 
meii t) . 

Bausoh & Lomb Optical Company, Rochester, N. Y. (prism uppariiLiis). 

Gh. Beaudoin, Paris (prism apparatiLs). 

R. and J. Deck, Ltd., London (small prism appurntiis). Agmits in U.S.A.: 

JarrelUAsli Company, Boston, and Pfaltz and Bauer, Inc., New Yoi'k. 
Bellingham and Stanley, Ltd., London (prism apparatus). 

Central Scientific Company, Chicago (small grating and prism appiiraliiM), 
Gacrtncr Scientific Corporation, Chicago (prism spectroscopic iiistruinciiLs). 
General Electric Company, Schenectady, N. Y, (recording specLropliolom- 
Gters for the visible region). 

Hilgcr Qiid Watts, Ltd. ( for nicrly Adam Hilgcr, Ltd,), London (s])ecLrosc!opir 
equipment of all t 3 q)es). Agents in U.S.A.: JarrelhAsh Comininy, BimLoii, 
Huct (Socidtd G4n^ra)e d*Optiqiic), Paris (prism appamliis), 

Jari'cll-Ash Company, Bostoji (grating spectrographs, dealers in and iiiqiorlers 
of spectroscopic equipment of all types). 

Ripp and Zonen, Delft, Holland (prism apparatus and e(|nipitioiiL). .\grrits 
in U.S.A.: James G. Biddle Co., Philadelphia. 

Lnnc- Wells Company, Pasadena, CoJif, (Prism SpceLrognii)hs for ILitiuiii 
effect) • 

National Technical Laboratories, South Pasadena, Ciilif. (sperlropluMoiii- 
elera, infrared oc(iiipnierit, flame photometers). 

Porkiii-Eliner Corporation, Glen brook. Conn. (Iiirrurwl eqiiipitHMit, Harm! 
photometers). 
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Prism Spectroscopes and Spectrographs 

IIkpiiehentativk MOiiEiJ^ ov pxiTSAi hpec:tuohcofek will be described 
in this ch lip ter, to illustrate the forms commonly used. Where ap- 
paratus of a particular maker is depleted, tlic basis of selection is to 
some extent arbitrary, since equally good instruments of a similar tyj)© 
are often obtainable from other manufacturers. 

3.1. Material^ for Dispersive Prisms. The chart in Pig. 3.1 

shows the ivlativc dispei'sivc powers aiul ranges of transmission of 


0.589>U 



Fig. 3.1. Useful regions of transmission and relative spectral dispersions of 
several materials employed for prisms, on wavelength scales centered on 
A58Q6 A. 

KcviM'al optical inalerials foiind UHefitl in the various regions of the 
.spectrum cotiniionly studied. Optical glnsses, on lu^coiuit of their 
narrow I ninsiiiisHion ranges, can be used for prisms only in the visible 
region, the near inrrared, and tlie near ultraviolet. Since most ghisse.s 
produce greater dispersion in these ivgions than do other optical 
materials, ghisse.s aiv eommonly iiseil in visual speed roseopes, Tlic 
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VArioua kinds of optical glass differ gi'catly in dispersion, in refractive 
index in a given wavelength regioiii and in permanence of siirfaec. 
Flint glasses are likely to be transparent iit longer wavelengths thiiii 
are crown glasses. Special glasses such as Uviol and Corex transniil 
somewhat farther into the ultraviolet than do ordinary glasses. 

Quartz in the crystalline form found in nature, a.s distinct from so- 
cnlled fused quartz, is doubly refracting. If a prism is cut from a 
quartz crystal, its optic axis should be made to coincide with the optic 
nxis of the crystal, to avoid doubling of the spectrum, liven when 
this condition is fulfilled, a slight doubling of the spectrum lines re- 
sults from the circular polarization produced by the quartz. This 
defect can be elimiiinted by a method devised by Cornu, in which half 
of the prism is cut Fi’om a crystal producing riglit-liandetl rotation 
and half from a crystal producing left-handed rotation. Fused or 
A'itTeo;us quartz does not produce birefringence or circular polarisEiition, 
but it has leas dispersive power than crystalline quarfz, absorbs wave- 
lengths shorter than 2800 A more strongly, and is seldom produced in 
sufficient homogeneity to give high optical quality, liven imtiiriil 
quartz crystals vary somewhat in transmission from .sample to sample, 
especially for wavelengths shorter than 2500 A. jVlanuriicturers will, 
oil occosion, furnish optical parts especially selected for high tniiis- 
parency an the region near SOOO A. 

Because rock salt and potassium bromide are very hygrosc’opic, 
optical parts made of these materials must be carefully protectc<i 
from moisture. Oeapite this limitation, rock salt is so tmn.spareiit 
between 1800 and 160,000 A tluit it is occasionally used in com- 
mercial spectrographs for the visible and ultraviolet. It is widely 
used in instruments for the infrared and will be discussed further in 
this connection in Chapter 17. Sylvine (KCl) and potassium broinUle 
extend even farther into the infrared than rock salt (to 230,000 and 
270,000 A, respectively), and are often used for prisms. 

Fluorite (calcium fluoride) held for many years the unique position 
of being the only material suitable for optical part.s transparent to 
wavelengths as sliort as 1350 A, but pieces larger than an inch in 
diameter were prohibitive in cost. During World War 11, consider- 
able progress was made in growing large crystals of this material ' and 
of lithium fluoride, which is transparent to about 1050 A.® The la t ter 
material ha.s the disadvantage of being brittle and difficult to work 

* D. C. St(«kbflr(f<*r. Report Xo. -1000. 

® U. C. Stockbiirger, Rer. Set. 7, 1S3 (1030). 
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will) out cloiiving, and it is fortunate that synthetic calcium fluoride 
cTysluts^ hiive become ol^taiiiablc in diameters iis large as may be 
desired for spectroscopic equipment. 



Fig. 3.2. Multiple prism of the Llttrow type. 


Prisms of extreme Hi/.e are sometimes needed, not so much for the 
increased resolving power given by greater iiasc thickness as For the 
larger prism a])ertiirc, which will transmit more radiant flux. In very 
large ]>risin.s this advantage may be oflset by increased transmission 



Fig. 3.3. Dlvldod-circle spectrometer with prism removed, (('tnirtt.sy 

( ijitirl iicr Scriotil.ifle ('iir[)., 


losses (hroiigh absorption am] scji tiering in tlie thicker intiieriiil. [t 
may then lie f]esind>le lo use iiisleac] a multiple )>risiii of lower resolv- 
ing power, as .sbowii in Kig. 3.^2. 


' h'rfiiii llu' Hiirhlinw ('lu‘niieiil (^i.. 


KiihL B7lh S(ns‘l., ( 'le vein rid <1, Oliiti. 
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N^uincroua special types of dispersing prisms htive been designed. 
Most of these are not in common use; certain especially useful forms 
are described below in connection with spectroscopes designed 
around them. 

3i2. The Simple Spectrometer. A type of prism spc<:troinetcr 
extensively used in teaching and research laboratories is illustrated in 
JTlg. 3.3. The slit is affixed to the collimator tube in such a manner 
os to slide in and out for focusing adjustment, and tlic glass collnmttor 
lens is rigidly mounted at the end of this tube. The prism is mounted 
on a table tliat rotates about a vertical axis, and the telescope tube 



Fig. 3,4. Spekker Steeloscopd, a two-prism spectroscope for aas lysis of 
ferrous alloys by visual observation of spectra. (C.’oiirLcHy Adum Hilfjcr, bit!,. 
London.) 


rotates about the same axis, carrying an objective Jen.s aiifl iiir eye- 

piece. Graduated circles with vernier scales are provided to read 

the angles through which the prism and the telescope arm are turned. 

Such spectrometers are used extensively for instructional jjiirposc.s, 

for nicasiiriiig the indices of refraction of variou.s solid maberiul-H in 

■ 

prism form, for testing prisms, and for observing simple spectra. 

A am a]] transmission grating can be used in place of the prisni in 

such a spectrometer. It is then desirable tliat ample swing be ] 3 ro- 

vided for the telescope tube, to pennit observation of orders on both 
sifles of the normal. 
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Fig. 3.5. Arrangements to obtain constant deviation for rays traversing the 
prism at minimum deviation, (ii) Pulliii-Drocn priHin for OO-rIcg. dcvinLioii. 
(b) WjtcIsworLh mdiiiiLiiig, witli whieli the 4)vcr>nl1 deviation dopcnils upon tiie 

iinglo «. 


routine cjciiiniiiiition oP selceted s^jeeLrii, pri.sin .spectrometers 
eiin l)c olibnincil in whieli collimator tiil>e» )}rism, and telescope biilic 
are all /ixed in position, as in Fig. 3.4, where the Ililger Spekker 
Sli'eloseopc is rlcpicted. Those spec tvoinc tons are nsuaJly provided 
willi srnles on which the positions of ini^mrtant lines arc mnrkecl. If 
llie prism Jind the lenses of such iin instriiincnt arc made of quartz, a 



Fig. 3.6. Constant-deviation wavelength spectrometer mounted with source 

on oplical bench, ((^)urlcsy Adnni llilger, litfi.. 
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Huorcscent eyepiece can be used which may make possible observation 
of .ultraviolet lines as far down as 1860 A. 

3*3. Modem Wavelength Spectrometers. A very coiivonient 

type of spectrometer is one using the constant-deviation prism of 
Abbe^ AS modified by Pellin-Broca.*^ As shown by the dotted lines in 
Fig. 3.6a, the single prism of peculiar shape is equivalent to two 
30-deg dispersing prisms connected by a 46-deg total reflecting pri.siii. 
When one wishes to scan the spectrum, the prism is rotated, ancl 
various wavelengtlis are sent successively in the direction OA at riglit 
angles to the incoming rays of light. All lenses are corrected for 
chromatic aberration, to avoid the necessity of refocusing for each 
wavelength. A calibrated drum is provided from which wavelengths 
can be read directly to within a few angstroms (Fig. 3.6). 

The resolving power of this type of constant-deviation spectroscope 
as maniifnctured by Gaertner, Hilger, and others is usually less than 



Fig. 3.7, D lire cNvislon spectroscope employing an Amici prism (two prisms of 
crown glass and one of flint gloss). (Courtesy Bauach & Lomb Optical Com- 
pany) Rochester, N. Y>) 

6000. An eyepiece provided with a pointer can be obtained. Ily 
means of a small mirror this pointer can be illuminated from the 
source through screens of various colors, so that a color that contra at s 
with any part of the spectrum can be chosen. Small camci'as ciiii 
also be obtained which, when fastened in place after removal of the 
ol>5erving telescope, transform the instrument into a spectrograph Tor 
photographing the visible region at low dispersion. 

■* E. Abbe, Jena Zeiittchr. f. Afed. t*. Natvripisa., S, 460 (1870). 

^ P. Pcllin and A. Ttroca, Jour, de Phya., 8^ 314 (1800). 
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L. 

3.4. Direct- Vis Ion Spoctro scopes. The sim]>lcst type of speetro- 
scojie, niid one tlinb cnii be made small enough to curry in the pocket, 
is n small replica diffraction grating, mounted in ti Hat container that 
has a liolc passing through it. If a source of small extent is looked at 
through this device, spectra in various orders will be visible; and if 
the source is very small, monochromatic linages will be seen, 

A somewhat more elegant device is the direct- vis ion spcctrosGoi>c 
which makes use of a nondeviating prism. A Ilausch & rx>nib model 
of this instrument is illustrated in Fig. 3.7. The dispersing system 



Fig. 3.8. Zoiss tliree-pristn spectrograph, with cover romovecl. 


c'oiiHists of several prisms alteniiilely of dense flint and (M'own glass, so 
arranged liiat llie nieiin devialion of the light beam by one set of 
firisins is neiilrali/,ed by I hat of the other set, while a certain nniouiit 
of dispersion remains. 'Fhl.s prism is mounted in a convenient 
luhe with an adjustable slit and a inagnifying eyepiece. A well- 
enrislrii(4.eci instrujneiit of this type will resolve many of the Fraiin- 
liofer lines in the solar speelriini. 

3.5. Portable Spectrographs, A speeLi'<igi'a]>li is a S}>eeh'Osc'npe 
prcivicled with a <‘iimera. This c^ainera iiHiiiilly eonsisis of a pair of 
ways oil which slides a c'nsselte<»r iilateliohler. 'File latter liolds the 
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phobographic plate or film and can be moved up and down in order 
to photograph a number of spectra on the same spectrogram. 

In a small spectrograph the entire transmitted spectrum can usiiiiLLy 
be photographed at a single settingi so that no motion of the pri.sm 
or varying focitsing adjustment is necessary. In larger instninients, 
where the spectrum cannot be recorded on a plate of reasonable sisw* 
some provision must be made for turning the prism and changing the 
focal distance of the lenses and the tilt of the plate when various 
regions of the spectrum arc to be photographed. 



Fig. 3.0. Small quartz spectrograph with source mounted on optical bench. 

(Courtesy Adam Ililgcr, Ltd.j TjOiitlon.) 


3.6. Special G-lass-Prism Spectrographs. J?or ninny years Zeiss 
iiiaiiiiructiired a three-prism spectrograph having the oplical sys- 
tem illustrated in Fig. 3.8. The prism train is that rlosigncd by 
FESrsterling, which gives constant deviation with dispersion equivalent 
to that of three 60-deg prisms. All three prisms are arranged on ii 
nioiiiiting that turns about an axis, above which the central constant- 
deviation prism is placed. The other prisms are kept at ininiiiuiiii 
devifitioii by steel bunds which communicate to tlicir inouii tings the 
proper rotations ns the wavelength drum is turned. 

The instrument covers the range 3700 to 10,000 A and is provided 
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model is depicted. Xhia type iinds its greatest usefulness at wave- 
lengths shorter than S5U0 A, where its relatively high light trims- 
mission aids iu photography of a region somcwhiit difficult to rocorih 
since prism absorption and lack of plate sensitivity in this region 
conspire to reduce the density of spectrograms. The spcctrograiih 
can be obtained fitted with a transparent wavelength scale. A 
fluorescent screen can be used to make the ultraviolet spcctruin 
visible nn-d thus aid in the preliminary focusing adjiiatineiits. 

Probably tlie most commonly used of all sjjectrograiahs ai'c I lie 
medium^sized quartz instruments, types of which are inanufactiii'cd 
by several firms. The llaii.sch & Lomb instrument is shown in 



Spectra and wavelength scale taken with medium quartz spectro- 
graph of the t^o Illustrated in Fig. 3.10. {Courlasy nmiscli & hoiiib 
Company, Rucheater, N. Y.) 

l*ig. S.IO. liCnscs of 600 mm focus and 51 mm diameter arc iis(.*<L 
giving a spectrum extending from 2100 to 8000 A which i.H Jibtujl 
200 mni long. The prism, of the Cornu type, is 41 inni high by 05 mill 

face. A standard 4- X lO-in. photographic plate is lihctL 
iis IS the largest standard size of quartz instrument that will gi\'c 

t le entire ultraviolet region in air at a single setting of the prism ittul 
camera. 

The medium quartz spectrograph enn be obtained with or wiLlioul 
a transparent .scale of wavelengths or frequencies. The varhiLioii of 
dispersion with wavelength is illustrated by the scale shown in Fig. 
3.11. Ulien such a scale is purchased, care should be taken to ser 
t int each fli\ ision is properly spaced, because some maiiiifactiirc.'-i'.s 
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have used a iiiiiforiii ami hence incorrect spacing between correctly 
spaced 100- A divisions. 

Hilger also maniifactiires a spectrograiph of this type which extends 
to 1830 A tlic range of the siiectriiiii covered. In this case the 
quartz optical system gives the range* 0700 to 18o0 A in n spectrum 
^25 mill long, whereas when the spectrum is photographed with a 
corresponding glass system it extends from beyond the red emi of the 
visildc to 8030 A. The (|tmrtK instrument is ritthcr unnsiml in that 
the camera lens produces an image field in which the resitlunl curva- 
ture is reduced to a fraction of a mil 1i meter, so that ordiiiiiry thick 
and rigid photographic ] dates can be used if desired. 



Fig. 3.12, Spectrograms of two die-castJng alloys taken with the quartz spec- 
trograph illustrated In Fig. 3.10. (CutirlcNy Duiitich St LiUinb Optical Ctuupnay. 

Hiarlioslcrr N. Y-) 


Ty|)icid s]K'cLrograins taken with (lie fnstruiiient depicted in 
Fig. 8.10 are shown in Figs. 8. 1 1 and 8.l!i. The aperture of the 
spectrograph is / which is sufricieiiL to give -siitis factory e.xposures 

in a few seconds ivitb nio.sb onlinary Jii'c; atid sf>ai*k sources. The 
resolution and ilispersion in the ullrii violet are ample for use with 
sim])le eiiiissifni spectra and for a1>sorptioii sjjctJlroscopy of solutions. 

In purcdia.sing any .single-setting [iistrunient, care should he taken 

to see that the inaiiLibicturer lias mniniLed prisms and lenses wiLli 

siieli rigiility that they will not readily get ovit of focus when once 

ad justed, and that the jiliitehnlder, if of wood, is constructed so that 

it will not. warp. The slit should be «f liigh (piality, since ^’'ery fine 

lines ean be obtaiiierl with the resolving iiowcr avivilablo. It. is of 

lid vantage* bo use 4- X 10-iii. plates when pos.*iil>le, .since this size is 

readilv obtainable in almost all ennilsions. Maiiiirncburers shoiihl be 

• - 

askefi to siibniil .sum pie sped rogratiis taken on tlie iii.Htruineiit to 
be ]uirel]a.sed. 

In eases wliere higher flispc*rsioii is iieetlefl than is available from 
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tile medium quartz instriiinent, recourse is usually had to the Littrow 
type of mountings in order to save space and improve rigidity* 

Some types of quartz spectrographs can be obtainefl with auxiliary 
glass optical parts, which render them more suitable for use in the 
visible. Though quartz is also transparent in this region, its disper- 
sion is so low tliat quartz spectrographs are not especially useful at 
wavelengths longer than about 5200 A, where the ordinary photo- 
graphic plate becomes insensitive, and special plates must be used in 
any case. 

3.8. The Littrow Mounting. The device oP autocolliinatioii de- 
veloped by Littrow is widely used with both prisms and plane gratings . 
in spectrographs designed to give high linear dispersion with a camera 
lens of long focus. The principle of the metliod is illustrated in 



Pig, 3,13. Diagram of the optical syfitem of a Littrow spectrograph. 

The lens has. be-en reversed to reduce scattered light. 

Fig. 3.13, The beam of radiation diverging from the slit is made 
parallel by the collimator lens and enters the dispersing system, wliich 
ill this case is a 30-deg prism mirror-coated on its back face. The 
radiation is reflected from this, passes back through the yirisin, ami 
retraverses the collimator, which behaves now as a camera Ions mid 
brings the spectrum to a focus. Special advantages accrue when 
quartz is used, for the passage through the SO-deg prism in tlio revcr.sc 
direction compensates for any optical rotation produced in the initial 
passage, and crystalline quartz of a single type will siifBcc. 

Two inherent defects keep the Littrow mounting from repliiciiig 
other types of prism moimting to the extent that its simplicity and 
rigidity ivoulcl lend one to expect. The proximity of slit and plixto- 
liolder require.^ the introduction of n reflecting prism or other device 
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to scpiinito the nicomiog and outgoing hcatTis» iiiicl the re fleet ion and 
sciittering of light from the front face of the collimator directly back 
to the photographic ])Jatc' i.s liable to caiiac objectionable fogging that 
is hard to eliminate. This fal.se light can often be thrown off the 
])late by tipping the 1en.s slight ly^ Unis introducing a certain amount 
of astigmalism, or much of it can be trapped by inbrodnciiig stops and 
<liHphragins at strategic points. In any event the inside of the ease 
surrounding a Liltrow inoimt slioiild he thoroughly blackened, and 
II nil I crons baffles should be used to eut down stray light. 





Fig. 3,14. Large quarts spectrograph of tlio Llttrow type. 

(< !f>iirlc*sy A(Jaiii lfilg«‘r, LLiJ., IjoihIoii.) 

A >videly ii.se<l lyjje of bit I row iiislrinnenl liaving quarts'^ optical 
parts, made liy sev<*ral inniiurar*t iirer.s, is .shown in Fig. 3.14, where 
(lie llilger 15 !•()*;£ model i.s illiist niled. 'Phe lens and ])ri.sTn .sy.stem of 
a eorrt'Sficnidiug model by Baiisi'li & I«oinb isshowiiin Fig. 3.1,5. The 
huiglli cif the ease is slightly more than (t ft, but siikh; the optical 
sysltMii may be eoti.su lered as having liecMi folded together iu the 
middlf‘ by use of the aMtoeollliiiatioii ])rinei]>le, the dis])crsion is 
(sinivahuit to llial of an iiislrumeiil. of (lie ordinary type almost twice 

as 1r>l1g. 

’^riu' ffiiarlx. prism and leii.s arc* luoimterl on a carriage that moves 
along a slide*, their posiLion on llii.s being deterinined by means of a 
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scale and index. The pi'ism can be rotated to throw various regions 
of the spectrum on the 4- X 10-in. plate. The phiteholder can be 
rotated, to bring it into coincidence with the focal curve for any spec- 
tral region between ®000 and 8000 A. In the model ilhistrutcfl, all 
necessary adjustments for any spectral region can be carried out from 
the operator's position at the slit end of the instrument. 

Spectrographs of this type are founcl highly satisfactory’ in aiiidyticjil 
work for which the dispersion of the medium-siKc quartz spectrogriqjli 
is not sufficiently great. In the region £.500 to 2000 A, the linear 



fig. 3.15. Lens and pri&m system of large Llttrow quartz spectrograph. 

(Courtesy Daiiscli & Lomb Opticnl Company, llndiestor. X. Y-1 

dispersion given by a large Littrow instrument is as great as that of 
a large concave-grating .spectrograph (see Table £.1). 

Glass optical parts can be obtained to fit the standard large Lillrow 
.spectrographs. With glass parts in the Hilger inoflel the sped rum 
from 9000 to 4000 A is about S4 cm long, and can be jihotograjilied in 
two .settings on 4- X 10-iii. plates. 

Hilger innniifactures a very large glass-prism Eittrow j^peetrogrn pli. 
working at aperture/'?, which contains one 60-deg and one ;jf>-d(*g 
prism. These prisms are 6 in, on a side and 4.G in. high. A .5-iii.- 
flia meter camera objective is used, the spectrum from 88o0 to SOOO 
being 9 in. long so that it can be photographed in one expo.siirt’ <m a 
4- X 10-in. plate. The len.s has been figured to retiuei* asl jginai {.sin 
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to a negligible amount over a 10-in. region. In order to retain the 
advantages of glass and yet to extend to shorter wavelengths the 
range of the spectrum covered « ultraviolet transmitting glass is some- 
times used in this model, extending its transparency to ^2000 A. This 
type of glass is especially useful iti astronoinicai work, where the 
atmosphere absorbs wavelengths .shorter than SOOO A. A glass that 
will transmit down to this limit is as suLisfactory as the more expensive 
quartz and i.s more dispersive in this region, 

A small Lit trow s])cctrograpli hiis keen developed by Bniisch & 
IjOmh to obtain moderate dispersion in the ultraviolet at relatively 
low cost. This instrument has im optical .system of crystalline 
quartz and covers the range SlOO to 7U00 A, giving a 150-mm si>cctriim 
on a 5- X 7-in. ]>latc. Four standard fixed slits are provided* ranging 
from O.OUd to O.OS mm width, each cut on a ])rotcctcd metallic* coating 
deposited on a single quartz slide. The maniifactiircr.s point out 


Photographic 

pfate 


Fig. 3.16. Dlfigrnzn of F6ry spectrograph. 



Ihiit this type of slit, though inexpc'n.sive, has the advantage of 
iTieehfiiiieal si ability, parallelisni of erlges, and ease of cleaning, since 
the exfmsed <[iiai'tz s{<le eiin l>e readily wi]>ed with a cloth. 

Other iip]}|]eatloiis of the Litlrow nioiinling are dc-senbed in § 3.11* 
where certain instriiineiit.s having iiitc*reliangc*ahlc optical parts are 
di.sci]s.sed. 


3.9. The F6ry Spectrograph. An ingenious ap])lic‘alion of the 
aut(ic<»11inia tion ]>riiiriple was made by Fery, who cle.signe<l a single 
c|uartx optica] unit that eoinhirie.s the j>ro]jcrlies of prism, mirror, and 
lenses, 'riie front face of the prism is usually a eylindrical .surface 
with axis vert ieal, so figured that diverging ray.s from the slit all strike 


it at the [}roper angle for Tiiinimiiiii deviation. rear siirfiire, also 

a vertical eylinder, is hacked hy » metallic eouLitig chosen to give high 
refleelion in the ultraviolet. The .spectrum is hroiiglil into horizontal 
fociis on a surfaee of fairly great curvature, as .shown in Fig. 3.16. 
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The spectrograph presents its greatest atl vantage in tlie far 

ultraviolet, where loss of light is mininiized by the small number of 
air-quartz surfaces and the small thickness of optical niaterinl used. 
These virtues are- to some extent offset by the high tlegrco of astig- 
matism involved, since the light is not focused at all in the vertical 
direction. Each point on the slit is spread out in the spectrum into 
a line S in. or more in height. No provision need be made For moving 
the piateholder up and down, since various spectrogi-ams can be take!i 



Fig. 3.17. Large two-lens finartx spectrograph, (Coiirlesy (iiiertiitir 

Scientific Corp„ Chicago.) 

by means of a diaphragm that moves vertically in front oP l.lu* pinto, 

covering all of each spectrum line except a region of the desired height. 

The astigmatism produces very straight and even lines, so that hV'ry 

spectrograms are usually’’ of excellent appearance. The instriinient is 
compact and readily portable. 

3.10. The Gaertner Large Quartz Spectrograph. Gaerltior has 
introduced a large qunrtz-prism spectrograph designed to ellitunalc 
the disadvantages of tlie Lit trow nioiiiiting wliile retaining ils coni- 
piictiiess. In this instrument no attempt is made to use a single lens 




67 


§3.10] PUISM SPEGTllOSGOPES AND aPEGTROGRAPHS 

for both collimating and cniiiera lenses, but the length of the instru- 
ment is cut in half l^y the introduction of n large first-surface mirror. 
In addition, the right-angle ]>rism just behind the slit has been 
eliminated. In this way it has been found possible to reduce greatly 
the scattcretl and stray light customarily found with the Lit trow 
Tiiountiiig. 

A view of the instrument is shown in Fig. S.17, and Fig. 3.18 shows 
its optical system. The light entering the slit falls directly on a col- 
limn tor lens and passes through a quartz prism, after which it is 
focused by a cumern lens in the usual manner. After leaving this Ions 



Fig. 3.18. Optical nrrangomeut of apoctrograpli llliistratod in Fig. 3.17. 

(C'oiirli^Ny (iaoj‘L]iai‘ S(;if!|iLifio ('cirp., ('hiojtgo.) 


llu* lighl palli is reversed by ii plane firsl-siiiTacc mirror so that the 
(■ 111 II era eari lie placed liiiiiu'diiilely beside' tlic .slit. This iirrangeineiit 
gives IIk' advantage pr»s.se.ssed by the Litlrriw nioiintiiig of bringing 
all iidjiisliueiil eon I ro Is In nni* end of the spts^trograph. 

"I'Ik' ]>hile]inlder will lake a l-l<-in. plate wliieli at the disjK'rsion used 
will cover I lie sjieelriini froni ‘2/300 to JlOOO A with a .single expnsiii*(\ 
A liandwlieel ennlrnl adjusts tlie wavelength region, and brings the 
lenses lo ibe projx'r fjosilions and llu^ plateliolder to tlie prnjK^r till, 
giving aeeiii'ate foerns of any ])arL of I he speeirutii from ^2000 to HOOO A. 
All nrraiigenieni is jirov idl'd w’ hereby I he wavelength at I he (renter of 
the plale 11 rill (Ik* wavelengths at each c'tid are proji'cled on a large 
groiind-ghi.ss scri'i'ii on Iojj of the .speirirografih, when' lhc‘.v can 
readily b(‘ oliserved. 
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3.11* Spe ctrograph s wl th Interchangeable Optical Systems . So me 

of the prism apectrogi’nplia described above can be obtained with 
interchnngenhle optical parts. The autocollimation principle (§ 3.8) 
lends itself particularly to interchangeability, since the Focusing'^ 
dispersing unit may consist of a lens and one or more jjrisms, n lens 



3. IP. Quartz monochromator employing a Cornu prism In a Wads- 
worth mounting* (Courtesy Gaertner Scientific Corp., ('hicago.) 


and a plane grating (§ 4.1), a F^ry prism (| 3.9), or a concave gra ting 

(I 4.0). 

Hilger manufactures an interchangeable mounting oF the Littrow 
type that can be obtained fitted with glass or quartz lenses of 100, 
130, or 300 cm focal length. Behind the lens can be placed a single 
SO-deg reflecting prism, a combination of one of these with ti single 
00-dcg prism, or a plane grating. Alternatively, n concave grilling 
can be used without the lens, forming an Engle mounting oP the type 
discussed in § 4.6. The design of this line of instriiincuts liiis been 
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standardized to ensure interchangeability of the optical systems. 
Plates 4 X 10 in. in size are nsecls and t^vo models arc made — one in 
which all parts are adjusted by hand, tlic other in which automatic 
adjustments arc provided. The Bausch & Lomb large Li throw instru- 
ment with interchangeable optical parts is also provided with auto- 
matic Focusing for predetermined regions of the sj^cctnim. 


Intermediate 

slit 



Entrance Exit 

slit silt 


Fig. 3.20. The optical system of the van Clttert zero dispersion monochrom- 
ator. The poHitUin uiid wiilth of Ltic in ter nice I laic .slit flclormitio the spccLrni 
nuiKo tniiiMiiiiltcct by llic insLriimcnL. The <lnsli lines show that the first 
cviincra Iciih ih inuigcd on tlio .sccoud collimuLor lens. 

3.12. Prism Monochromators. For use in the visible mgion, 
iihnost any cousttuit-deviation spectroscope can be converted into a 
inoiiocdii'oiiialor. if an exit slit is substitiitc<l for the eyepiece. For 
the iilLraviolel region ii eoiisLaiiL-deviation method clue to Wadsworth'^ 
is rre{[uenlly used, in wliicrli a (hirnu pri.sin and rellectiiig mirror arc 



Fig. 3.21. Young-Thotlon arrangement of two 30-deg dispersing prisms 

with lenses. 

roliilc'cl to vary l.hc‘ specrlral band c’lTierging lb rough the exit slit. The 
optica] system of this (levi(?e is .shown in Fig. and a C|uartz 

nioiiochroinalor erni>loyiiig the ]>riiic:ip]e i.s illustrated in Fig. 3. If). 

Since luicoiTc'clt'd quartz lenses have .strong cliromatic abciTiition, 
it is iieceS-sary in ullni violet in.slruir]enl.s to refoems the collimating 
jind focusing lenses for each new wtivcdenglli region, as well as to turn 


" F. L. f). Wfuiswrtrl li, AMrtiftiifin, ./owr,. 1. (IBD.'j). 
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the prism table. Infrared monochromators (Chapter 17) use mirrors 
instead of lenses and thus eliminate the need For refocusing. A 
monochromator principle which is very effective for use in that region 
involves a single mirror which serves os both collimator anfl focusing 
element. Parallel light from the collimator traverses the pri.siTi in 
one directiona and then is reflected by a plane mirror (or a backed 
30'deg prism) again through the prism to be focii.sed on the exit slit 
by the original collimating mirror. Improved surfaces for ultraviolet 
reflection are making possible the utilization of this simj^le system 
in the visible and ultraviolet regions, but scattere<l light must bo 



Fig. 3,22, Monochromator employing Young-Thollon priBin arrangemont and 
achromatic colllmAtor and teleacopo lenaos. (Courtesy Kurriiiid Opticiil Com- 
pany, Now York.) 


reduced by other means when this mirmr analogue of the LitLrow 
mounting is used. 

Oil account of the frequent importance of reducing scattered light 
to a niininiiim, double monochromators of various tyjjes have been 
designed, of which outstanding models are those of van Cittert,^ 
manufactured by ICipp and Zoiien, and of Altlller, maiiufaetiiiMitl by 
Hilger. A diagram of the optical system of the former i.s sliowii in 
Pig. 3.20. Several sizes of ultraviolet moiiorhromiitor.*^ that use 
quartz-lithium fluoride achromatic lenses and douhle prisms of the 
Yoiuig-Thollon type (Pig. 3,21) are manufactured by the Farniiid 
Optical Company. These instruments, one of which is ill ust rate il in 
Fig. 3.22, may also be obtained with glass optics for the visihlL' region* 

Grating monochromators are discussed in § 4,11. 


’ P. H. \-iin C’itlerC. Ree. d'Opti^ue, 5, 803 (lOSO); Phyniea, 3, 181 (10^3), 
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A GKNKUAL CtJMPAltlHON OP PlUflll AND GHATINO HPECTROGIIAPH3 

was miifle in Clniptcr 2. The present elm]) ter deiils with the inctlioda 
oF inonntiiig < lift' ruction gnitinf^s that have hccii foiiiul most useful 
and witli descn])liona of conimereial j^nitin^ spectrographs. 

The advaiiLages of the clifTraction-grating spectrograph over the 
jirisni instrutnent may again lie siiminarizcd as Follows: broader 
Rpectral coverage, greater available dispersion and resolving jjower 
per unit eost, greater uniformity of dispersion, greater light trails- 
iiiission in certain cases, and tlie iKissihility of greater free<Ioni from 
scallered liglil. The relative disadvantages are greater astigniatisni 
(except as discussed lielow); iriore rapid tieterioriition with age; and 
lint i I the bile lJ>10*s, c!0 in para live scarcity. Costs of the two types 
(»r i list rumen Is are not greatly dissiniiliir, 

Large gralings of long fo(*al dLstiince are used inainfy in physics 
rcsearcdi laboratories. Sindi gratings involve mountings tliat may be 
from 20 to So ft long, filling an entire room, and luider these eirciim- 
stances the various parts of I lie spe(lrogra]>1i are usually mounted 
sepuralely. Most coimnercial grating spectrographs, on the other 
hand, are small or in<aliiim-Hize<l iiistrinneiiLs ranging in length from 
li lo 17 ft, \vhj<'li are built to he liainlfed as il single unit. 

Small diffraction gralings are tested am! guaranteed [>y the spcc- 
Irograph nunnirnctitrer. but large gratings must nsiiafly be obtaincil 
direel I, V from laboratories that operate riding engines. Although 
gralings arc cotnmonly sold on a gnarantee liasis, the usim* should he 
prepared lo lest tluMn. Mellujds for the seletrtiou and testing of 
dill'raclion gralings are disenssed in S 

4.1. Plane-Grating SpoctrograpliSt 'Priinsiiiission gralings, as dis- 
enssed in § 2..0, a IV seldom usih] in any but small spedrometers and 
ill insi rniiK'nls for slmlent use. Most instnimeiits in wliicdi plane 
gralings are used for llie general purposes of spectroscopy contain 
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Hfratings of t}ie reflection type and are ordinarily used in a Lit trow 
mounting similar to that of the autocollimutioii prism spectrograph 
(§ 3,8). A typical mounting of a plane diffraction grating is shown 
in J^ig. 4,1. 

Several large plane^grating installations are in existence, the largest 
being probably an autocollimating instrument at Mount 'Wilson 
Obser\^atory, which has a focal length of 75 ft. Plane gratings having 
8 in, of ruling and giving nearly theoretical resolving power in the 
second or third orders have been produced occasionally. 

A grating so mounted is somewhat similar in its behavior to a 
concave grating in the Engle mounting (§4.0). It has the advantage 
over the latter that it gives stigma tic images over the narrow spectral 
range ordinarily used at any one setting, with a resulting gain in 
brightness and resolution in the higher orders. To change from one 



Fig. 4.1, Diagram of a Littrow moimting of a plane diffraction grating. S, 

Ji/i reflecting mirror or priHm; /!», collimator and telescope Ictik; fr. grating; 
A Uj spectrum , 

spectral region to another with such a .spectrograph, it i.s necc-ssary to 
rotate the grating, refocus the lens, Z# of Fig, 4.1, and rotate the 
pLateholder so that it will lie in the focal curve determined by the 
color correction of the lens, A lens carefully corrected for chromatic 
aberration is required if the plane grating is to be used in orders higher 
than the first; otherwise, lines of overlapping orders will not be 
brought to a focus on the same curve. 

Tile lens used should have the same aperture as the grating. Since 
chromatically corrected lenses of large sizes have in the past been 
obtainable only of glass, plane-grating spectrographs have ordinarily 
been used only ' for the visible region and the near ultraviolet and 
infrared. If a large quartz lens is available, even without color 
correction, the ultraviolet first order con l>e used, but special amiiigc- 
ments must be made to throw out the overlapping .second order at 
wavelengths longer than 4000 A. A right-angle prism must be used 
behind the slit to separate slit from plateliolder, except in instriiineiits 
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of very long focal length, wlicre the two enn be separated without 
introducing a large angle of inculcncc that would increase astigmatism 
and coma. 

A iniri*or can be used for^coUimtibing the light on a plane grating, 
and this type of mounting is found especially effectiv’c with mono- 
chromators. It is discussed further in § 4.11, and for the infrared 
in Chapter 17. 

4.2. The Rowland Concave Grating. One of the mast important 
advances in the history of s[)eetroscopy occurred in 188S, when 
llowliiiitl ^ showe<] that a .spherictil concave mirror, ruled with parallel 
lines equally spaccci along the cliord of its arc, will produce spectrum 
tines in sharp focus on a cii'cle whose diameter is equal to the radius 
of curvature of the mirror. This '^tiowland circle" is shown in 
Fig. Eliminating the need for 

any transparent materials as it docs, 
the concave grating luis become one* 
of the inost powcrfid tools of spectro- 
scopy. It can he made to provide 
gmiLer dispersion and rcsolul.ion thiin 
are ohLainahle with pri.sm.s and can 
ho used lit any wavelenglhs for which 
its rulings are properly spaced. A 
single grilling has been iiseil Lo cover 
the range from LOO to 11,000 A. 


G 



Fig. 4.2. Diagram of the 
Rowland circle. .S, kUI; G. 

A it. spttclriini; ii/'i. 
nicJiiiK of ItowJtiiid (‘irclr: If, 
rufliLis of eiirvnltirc of grating. 


111 the ruling of concave gratings^ 
sfiacdngs of fipjirnxiiTiiitely 7500, 
lO.OtK], 15,000, £2.5,000, or .‘10,000 liiie-s 
per ineli are commonly used. (Certain 
of the largest concfive grating.s tliii.s 
far .successfully ruled, the .so-(*alle(l 

*‘.sevei]-incli" gratings, eoiitaiii ahotit 180,000 lines on a ruled area 
about !tj X 5 cm. In llie higher orders, resolving powers of 
100,000 have been attained on (area si on. The miiiciiniim iiKcruI radius 
of curvature of a ".sevcii-in<*ir* grating ftjr pliotographic purpo.4es ia 
tilioid It) meters, as nuiy be deiiioitsi riitcHl by eiihaihitiiig the plate 
raclor rc<|uired to iiiaLcli ihc resolving power of a grating to that of 
till’ photographic emulsions comuinnly u.scm1 wUli it. Erniilsions of 
suitable speed for large grating spectrographs jii^c capable of re- 
■solviiig about 80 lines mni ($ 7.5). '^I'lie rc‘solviiig jiower of an 


‘ H. A. KowIiiikI, P/iU. Aftifi,, 13, l(tf) (IHH'2): 16, lf)7, (IHHS). 
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excellent gi*atmg with 6 in. of ruling is not likely to be greater than 
300*000 (§ 0.fi). At wavelength 5000 A. aubstituting in the formula 
== X/dX, we obtain dX = 0,016 A. If this spectral range is to 
C 50 ver not more than 0.033 mm of emulsion, ti plate factor of 0.5 A/ inin 
is required. This would be obtained in che third order of a 15,000- 

line-per-ineb grating of 10-meter radius (§ 2.5). 

A concave grating is somewhat more difficult to rule tlmii a plane 
grating of equal siee and spacing, and in general the longer the rndiiis 
of curvature, the easier it is to produce a good grating. Standard 
radii of curvature are approximately 1, 2, and 3 meters, 10, 15, an*! 
21 ft, and 10 meters, The actual radius obtained may vary as much 
fts d=5 per cent from the value ordered; hence it is usually wise to 
build a spectrograph with ample flexibility of adjustment. 

Up to about 1032, most concave gi’atings deMigne{l for use in the 
visible and ultraviolet regions were ruled on s]jeculiini metal, which 
has moderately high reflecting power in the visible region but much 
less at shorter wavelengths, reaching a low of 10 per cent or lesa rtt 
noi'mal incidence in the extreme ultraviolet. It. W. AVo*)d has ruled 
concave gi’atings on glass for the vacuum region, and many cxpci'i- 
nicnts have been made on coating these with evaporated or spiiL tercel 
metals to increase their reflecting power." Tln^ most .satisfiicttiry 
gratings at present are those ruled on an ulumi until surface that lias 
l>een evaporated on glass. The only question in regard to tlici<c is 
that of i>ermniience — any damage to the aiuininuiu surface may 
damage the rulings irreparably. For this rejisoii, experiments liii^'c 
been cx>nducted with a new technique of ruling the grating on a gold- 
OD-cliromiiim surface evaporated on gla.ss, which is then coated with 
evaporated aluminum.^ 

Concave gratings can sometimes be obtained from university and 
other laboratories which operate ruling engines. ^Tlie i)liysi<'s depjn't- 
ment of the Johns Hopkins University lias in the pasl sup])lied iiiiiny 
gratings. Grating.s are being increasingly su|>plied itiounled in 
spectrogL'aphs by the firms listed on page 50 as dealing in grating 
equipment. 

In mounting a concave grating the slit may be placed any where on 
the Howland circle. The location chosen will depend on the ty] 5 e of 
work to be done. The resulting positions of the various orders and 
wavelengths can be quickly determined by drawing a <liag]‘atn like 

^ J. ^3trong, Aatrophyg. Jour., 83, 401 (10^0), 

^ J. Strong, iinpiiblislicd communication. 
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Fig. 4.3, after Beutler,* which shows tlie distribution of wavelengths 
for various positions of the slit as calc uln ted from tlie formula of § S.5, 


X 


A 


viN 


(sin i 



sin O') 


where tlie symbols have the meanings given there. 

The five mountings of concave gratings most commonly used ure 
described in succeeding sections. In selecting a inotinting, one should 



Angle of dlffrocHon 


Fig. 4.3. Anglos of incidence and diffraction for varioiiB wavdJcngtlis for a 
33,000'lln6'por-incli diffraction, grating. (From II. (i. IJuuLlor, l)y pcrmiNKioii 
■loufi Opl. So(‘. Am.) 


cotisiilc'i* tlic grating orders to Ijo used, tlie wavelength range to be 
ecjveiiMli the <legree of iisliginatisTti llinl. can he to) cm ted/' the bright- 
ness of tlie resulting sjieetra, the freedoiii from spurious lines (wliicdi 
may depend on angle), and tlic deinirtnix? rivnii iiiiiforin dispersion 
(siiiallesl on I lie nortnal). In general, the most satisfimtory spcctrii 
are olitaiiied in the direetioii of [he ncirnial to tlio grating. 

A large cfincave grating should be mounted only in a room that 
ean bi- hejit clean luifl dry. The inside of the room is itself the 
(uiiiK'i'a and in list be kept dark during an ex[M).mii'e. 'Hie former 
(‘iistoiii was to ]»aiiil (he inside of a gi’a ling-room bliicik, but modern 


’ ll. (i. Ilf'iillrr, Jttnf. fJyi/. Stu', .-l/jf-, 35, !l|H (mt.i), 
■'(i. 11. Jtmr, (ii*/. StM\ Am., 23, 271 -(IDS:)). 
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practice inclines toward light colors for the ceiling tiiid walla, with 
a black strip extending up perhaps 5 ft from the floor. All developing 
work should be carried out in a .separate room from tliiit in which the 
grating is mounted. KxcossLvc vibration of a large-grating mounting 
will of course make it impossible to obtain sliarj) .sf}ectriini lines even 
with short cxpasurcs, and with long exposures it i.s also necessary to 
guard against temperature c1iange.s of the grating itself. .-Vs the 
grating expands, the distance between its rulings iiicrea.ses and the 
dispersion correspondingly dccrcaae.s, .so the relative positions of tlio 

lines ill the s|H'ctriini arc shift- 
ed. For this reason most 
rooin.s eon I (lining large grat- 
ings are therinostated, and the 
tempeniture i.s held constnnl 
to 0.1 °F or better. To teat 
wheMier I he cronstaiicy of tem- 
perature is suflieieiit in any 
given erase, three brief .suiwr- 
])osed exfiosure.s may he taken 
lit 10-hoiir intervals; if the re- 
siiUiiig .spec'tnun lines arc ns 
sharp as Ihom* taken in a single 
('(piivalenl exposure, no toss of 
resold I ion from this cause is 
to be expected in a ^20-lioiir 



Fig. 4.4. Rowland mounting. iS, kIiL; 

^>]> ("iat Of, vnriouA poHitiitiiM of grntint( iiloiiK 
bar OVi Alt = R where ll = rnilins of 
grating; fii, /is, iij, varioiiM inLcrcepln of 
gmling-nonnal bar with bur OX. 


exposurt* t.o weak light. 

A convenient height nliovc 
the floor should be chosen for 
the plane cxinlaining llic slit* 
grating, and ftK?al curve. Forly- 
six inches is a standard value that gives .suitable clearances for inoiinl- 
ing optical benches and .similar parts on ordinary Eables. Slit, griiLing, 
mid plate carriers should all be based on heavy ciuicrete nr brick jiiers 
resting on n solid foundation. Wherever any part pass(*s through a 
wall, sufficient clearance should he ])rovidcd around it to etiaiirc 

against vibrations being comm tin icn tec I to any incniher iiivolvcMl 
in the optical system. 

Beiitler^ has given a very thorough discu.Hsion f»f the theory of I he 


* IF. <1. IFcutler, Jour. Opt. Soc. Am., JS, 311 (19 Ul). 


DIFFRACTION GUTTING SPISCTROGflARHS 


77 




cDiicavo grating and has prepared ninny ehnrts that show at a glance 
its properties in various Tnoiiii tings. His pitpor should be consulted 
by anyone con tcinpla ting the construction of n grating spectrograph. 

4.3. The Rowland Mounting* 'Phe (classical mounting for the 
concnvje grating, used less nowadays than Formerly, is that originally 
described by llowlanil and ilhistratcd in Fig. 4.4. The plateliolder 
and grating arc rigidly mounted at O]iposite ends of a stiff beam 
whose ends arc held on carriages that run on tracks placed at ]*iglit 
angles to one another. The .slit is ]>laccd at the junction of these 
two tracks, and the light passing through it falls on the grating an<l 
is spreiul by this around the Rowlaticl circle. Only that portion of 
the spectrum is uso<1 which Falls on a plateliolder pluceil nL the normal 
to the grating. This iirrang<Mnent 
gives a spectrum of almost uniforin 
dis])ersion, a priipcrty of great 
advantage when wavelength meas- 
ui’enients arc to he made in terms of 
only a few standard Hues. Nowa- 
days, however, .so many stiiudnrds 
of wavelength are accurately known 
that wavelength interpolations need 
he made over only short distances* 
and a normal speetriim is not so 
iu‘eessary as it once was. 

The disadvaiilages of the How- 
land in ou 11 ling aiv that only a 
liiuiled rc^gioii of the s]>eelriiiii can 
lie pliolograplied at one selling; 

I hat it has a high degree of usliginn- 
lisin, .so that much iiiten.s{ty may 
he lo.sl, especially in the higher 
orders; and that the ]iighe.sl onlers 
of I he grating eannol he reaelied. Also, the i non ii ting ia .somewlial 
eninhersome, and the fiict that tlie grating and plateliolder both move 
is a di.sacivjiiilage. The Rowland inoiinliiig cam he used most saMs- 
fiiclorily wilh graliiigs relatively five from error cjf run; if this i.s 
pre.seiil, I he focad (‘iirve lends lc» di'parl from the ('Xpectecl circle. 

Ill order Ifi st'<*iire good teiiiperal lire eoiilrol, necessary for rcseaivh 



Fig. 4.5. Optical system of mod- 
Ifled Abney mounting Jllustrated in 
Fig. 4.6. lit Itowlaiid eiridc; Si 

atid iS'a, fixnit sULm no pliiecd LliiiL 
uitlit^r dF Lwg flilTorciil rogiotiN cif Llie 
N|»u‘Lriiiii iiiJiy Liu pliotognipliccl by 
ill u mi 111 ! ling Lhe upiirojiruilo nIiI; 
1 \ plnleliohlcr; (?, light-tiglil chnc. 


■ El. A. Itowliinil, /VmY. Muff., 16, I1J7, 210 
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purposcsj tlie Howland mounting is sometimes arranged vcrticrtUy» 
the grating being placed at the bottom of a pit, and the end of the arm 
that carries the plnteholder moving on a horizontal track at the floor 
level. This mounting results in saving of space but has disadvan- 
tageSj such as a horizontal slit and a vertical illiiiTunntiiig Ijoana; 
also, the grating* lying face up near the bottom of the pit, is liable to 
injury from falling objects and to coating with dust, and is rather 
inaccessible. The chief advantage lies in the constancy of tempera- 
ture obtainable at the bottom of a deep pit. 

4.4. The Abney Mounting. This mounting,® shown in I*'igr 4.5, is 



Fig. 4.6. Commercial spectrograph oniploylng a 1. 5-meter concave gratinfi" tn 
a modified Abney mounting. (Courtesy Applied Ueseureh La bom lories, Pasa- 
dena, Calif.) 

a variant of the Rowland mounting but has the property tliut both 
grating and plateholder are kept stationary while the slit is moved 
wJieh diiferent regions of the spectrum are to be photogriiphed. The 
Abney mounting has never come into wide use with large gratings 
because of the difficulty of moving the source, condeiwing ItMiscs, anti 
other external equipment to keep pace with the slit whenever the slit 
is moved, so that a diJTercnt spectrum region will be thrown onto the 
plate. It is more convenient to have a number of slits for oiio 
instrument, from two to ten sometimes being provided. This is 
practicable because the same fairly long plateholder, capable of 
photographing several feet of spectrum at one time, can be usetl 
for all slits. 


® W. de .Abney. P/ii7. Trans., 177, 11, 4B7 (1880). 


§ 4 . 5 ] 


DIFFIIACTION-GRA.TING SPEGTHO GRAPHS 


79 


A commercial form of the Abney moiintinj^T wlflely used for spcc- 
trogrupliic analysis of miitei'ials, is tlic instrument manufactured by 
the Applied Itescarch Laboratories and shown in J^ig. 4.6. This 
mounting uses a siiial] grating having a ruled width of about 2 in. and 
height of about 1 in., with 15(1 cm radius of curviiture and 24,000 lines 
per inch. This combination results in a plate factor in the Rrst order 
of about 0 A/mni. Two slit positions arc provided, each covering a 
sjieclral range of about 2200 A in the lii'st order, .so that the spectrum 
from 2130 to 0570 A can be ])hotographed in two exposures. 

BccaiiHc of the high degree of curvature of so small a Rowland circle, 
film is used instead of plates for photographing the spectrum. A 
wuiveiiieiit holder is provitlod so 
I hut mot ion-pie turc film of standard 
35-inni width can he iised. Special 
eciuipment is furiiislicil for use with 
I he instrument to simplify the jjro- 
eechires of liiiiidling, develu])itLg, and 
drying film. 

The Aliney inoiinting siifTers from 
I he siinie liiniliition.s of bulk and 
asliginatisiii ii.s the Rowland moiinb- 

iiig. 


G 


mg 


4.5. The Paso lien-Runge Moimt- 

’^riie montibiug inost com- 



Fig. 4.7. Diagram of Pasclien- 
Ruiige mouuting of tho concave 
grating. fS', .sliL; (4 grnLhig: A lit 
Hpectlniin, 


moldy used at present for large 
<‘oiM'avt' grii lings of bho research 
lyjie is lliat originally described by 
]^lS<‘llen and Rnnge.^' Tb has the 
great advantage iliat slit, grilling, and plateliohler arc all fixed, so that 
all parts of the spec^trum are in focais at all times and Its entire exteiil 
can be phrilograplied with a .single exi^osiire on many [)liite.s. The 
ttiotinling (‘all be arranged so lluib almost the (;oni])lete Rowland 
circle is available, or the entire .sfieetriiru I'fUi he covered by using one 
or rnort' orders on only one side. \ dingrain of u ly])irMil arraiigenient 

of (lie Pas(*[i('ri-Riiiig(‘ Tiionnting is shown in h'ig. "t.T. Figure 4.8 
rc|>rodiic‘es a |iliologrji[}1i of a portion of a l(l-int‘let' Pasehen-Ruiige 
nioiiid iiig in (he S]»(*cl roscopy Ijiibriratory of the \la.ssiichuseliH 
1 nsLil 11 le of '('(‘(‘hiiology . 


” <'. H. lliitiKi- Jiml K. PiiHi-lirn, Ah/t. d. K. A/, 'mi. li. (I’lVv. HrAiu. .Vnliuin; I (IDIli). 
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One of tliG first problems in setting up a grating in the P^ischon- 
Hunge mounting is the angle of incidence to be chosen for its illiuninn- 
tion. Althougli the whole circle may be avnilablcj the region rtt the 
normal to tlie grating is the most valuable because there arc found 



Fig* 4.8, Paschen-Riuige mounting In tlia AI.I.T. Spectroscopy 

Laboratory, 


tlic most uniforni dispersion, tlie least astigmatism (for n clioaoii 
angle of Incidence, but not the least attainable— ^see Pig, 4,18, page 01')- 
and in some cases the highest resolving power. The slit is placc<l on 
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the normal only when it is necessary to obtain the low orders on both 
Hides of the gratings as for certaLii types of intensity measurements. 
Where liiglier orders are to be used, illumination at 12- to OO-dei^ 
incidence is common. 

It is not iiiiiisual to provide Piisclicn-ltuiige mountings with two 
slits, one jdneed for i1 1 in ni nation at about 13 deg imd the other at 
4(j ileg. The small angle of incidence is iisc<l when low orders are to 
lie studied, and the large angle for higher «n‘<lcrs. The two slits give 
the added iid vantage of providing space for two complete source 
setups; thus cumhersonie iijipiiratiis For the Zeeman efFoct, for 
example, can be left in place at one slit while the other is available 
. for general use. 

Where the main use of a Pasclicu-ltiingo mounting is to be in 
making wavelength inenHurements, a fixetl track is usually provided 



TabtG top I 

Fig. 4.9. Detail of platcholclor track for Pasclicn-ULiRge mounting in 

tlie M.I.T. Spectroscopy Laboratory. 


to liold H- series of plates I>enl to llie I tow) and circle. One methoil of 
holding I >1 ales on Sl](^h a Iraek is shown in Kig. -I'.O, the long (2- X 2U- 
iii.) platens being clipped wil.li their eniiilsion side* iigaiiisl the hack of 
I he Iniek, lo avoid any dlsplaecmieiit due to varying glass thickness. 
The posts holding Llic* Iraek are usually bolted to heavy slabs of 
Alhereiie si one* or slate iiioiinted on c’oiicM'ele piers to give great 
rigidity and arc* arranged so as to permit a crerlain ii mount of acljust- 
nieiit for foeiisiiig iH^fni'e being filially bolted in place*. 

h'or roil I ini' photography of sek'rtetl s[>e<4ral regions, and for 
iiileiisily work wlu*re a iiiiinher of Sjiec'tra arc* to he jihotogra plied on 
llie same plale, it is desirable lo provide* eassc'lles (Fig. -k 10) IhnL 
slide* along a horixoiilal trac'k following Mu* Itowland eirele and carry 


jihiteliolders taking t- X lO-iti. or similar ]>lates. 
are visilih* in h'ig. 4,8. ICaeh has llu* sp(*ctruiii 


Itolli lypt*s of track 

Iiroiiglit into projiei* 
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Cassette 



Sleeper Sleeper 

Fig. 4.10. Detail of casaeite for Faachen-Runge mounting in 

the M.I»T. S|iectroacopy Laboratory. 



Fig. 4.11. Small Paschen-Runge spectrograph employing a concave grating 

replJcil. (Coiirlosy Central Scientific Company. Chicugfs) 
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fociia oil it when itii own slit is iisetl. Ciilciiintions indicate that by 
properly displacing the slit the focal curve of n 10-inctcr grating may 
be caused bo depart as much as a Foot froTn the Howland circle without 
introducing ol^jectionablc iibcrrations. 

A small model of the Paschen-Riingc mounting appears hi com- 
mercial form in the Cenco grating spectrograph produced by the 



Fig. 4,12. Spectrogram of a copper arc in the region 5400-4400 A, taken with 

the Cenco grating spectrograph. 

t’eiiLral Sciciililic Company (Fig. 4.11), A replica grating having a 
ruled surface about 1 in. square with a radiii,s of ctu'vaturc of about 
1 meter produces a .spectrum covering the riuigc to 8000 A in 

one setting. The entire siiectrum is ccivcrod wiLli a plate factor of 
10 A/inm on a Rlin 10 In. long* so the instrument can be kept in 

permanent adjustment. A section of ti 
speetrogram taken with this spectro- 
griqili is shown in Pig. 4. IS. 

4.6. The Eagle IlfCounting. Amount- 
ing <l(\s(‘rilKu] in detail by Kagle^^ hut 
used long befoi'c in vitcinim s]jcetrti- 
grnplis“ is not only uc;onomieul of space 
but also keeps astigmatism as low as 
is possilile wit bout increasing the 
eoniplexily of the optical system, imcl 
siiii])li lies the control of the grating 
t empera I lire, The Eagle inouiiting is 
illustriiUMl in Pig, 4.18. This mounting 
oecupies a long narrow .space, a chiirac- 
terislie ilial led to il..s extensive use in 
vacuum speetrographs of I he normal-in- 
cidence type ill the in an tier originated by 
by I nan. Higher orders ean be reac^hed than in the Howland Mounting 
and the astignuil i-sni is less. In ehaiiging from one wavelength range to 


A. KukU*. .Xsinifthjtt*, ,/riffr.. 31, Wli llDlU). 

" 'r. Ijyiiiiiii, *S'/wWrfi.vfv»/v/ «/ //»' hlvtrvme Vlfninaht, Ntnv A'ork: (in'cn 

niifJ < 'oii)i>n]i.v, 



Fig. 4.13, Engle mounting 
ol tlio concave grating. /^ 

Itowliiuil .S', nIiI; r. rt'- 

HeHing prism; (i, (‘(incritvc 
f^rntiiig; /'■ O, liglil- 

lighl I'lisr. 
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another, it is necessary to turn the grating, ciiange its distance from 
the plate, and rotate the plateliqlder. The Eagle mounting of the 
concave grating is similar to the Littrow mounting of the plane 
grating, but it is superior in that no lens is needed, so that it can be 
used in all spectral regions. It does not siifFer greatly from the 
Ijittrow*s defect of scattering light directly back onto the photo- 



Plgi Optical bench and plateholder end of commercial Easle spoctro' 

gTAph^ showing powor unit for arc and spark sources. (Courtesy liaird Ansa- 
ciotes, Cambridge, Ala^s.) 


graphic plate. It has tlie disadvantage of not being as stigmatic nfl 
the I^ittrow. 

The Eagle mounting is used in a commercial instrument maiiu- 
facturecl by the Saird Associates, shown in Fig. 4.14. In the stanchu'cl 
model a grating wdth 4 in. of ruling, having 15,000 lines to the inch 
and n 3-meter radius of curvature, is used, which gives 5.2 A/mm 
plate factor in the first order. The spectrum from 2000 to 10,000 A 
can be covered in several orders in a scries of exposures, with a range 
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of ISOO A recordc<l iit one exposure in the firat order. Tlic tlirce ncces- 
siiry focusing adjustments are controllctl by electric motors operated 
by push buttons, and it is a matter of but a few moments to bring 
the s])cctrognipli to focus in a new .sjjcctral region. One motor drives 
the screw that moves the grating forward or backward on stainless 
steel ways, a second motor turns the grating to the proper niigle, and 
a third rocks the plateholdcr. All a< I jus tin cuts arc controlled from 
the front panel, and automatic end Htoi>s arc proviclcd. Each motion 
is controlled by two .switches, one of which provides high-speed 
ncljustmciit forward and reverse, luid the other n one- tenth -speed 
motion for accurate setting, lie volution conn ter a arc connected 
through flexible cable to the part eoji trolled so that neciiratc setting 
is easy. SiifTicient travel is provided to allow the red of the Fourth 
order to be covered, in which order the plate factor is 1.3 A/mm. 
The gratings used have a high con contra I ion of visible light in the 
first ortler aiul are sometimes even faster than prism instruments. 
Four- by ten-inch jjlabes or films cjan be used, but the ])latcholder 
is arranged to hold any plate 10 in. long and narrower than 4 in. 
Models of .sliorter focus, having correspondingly greater compactness 
null less dispersion, are also inaiuifao Lured by the Daird Associates. 


AHMLAfI HANOC COWCNCD m Di Pf CRCNT MOUNfldOt 



AhoLL or 

Fig, 4.15. Angular ranges of various grating mountings. (Fnuu II. (1. 

l>y iK'rmiii-'iioii Jiiiii'. Opl. Sue. Am.) 

Figure 4.1.5, iifler Heiillt'i*/'' .hIiow.s the angular range t?overod by the 
viirioMs grilling inoiini lugs. 

4.7. The Wadsworth Stigmatic ^Mounting. A disiidviiiitage for 

ninny piirpo.ses of all moiniliugs ciP I lie eoiK*nvt' grilling jireviously 
ilisc'ii.Hs<*<[ i.s I hill they an? iisliginal.ic to a greiilei* fir li*ss degree (see 

■Ml. (i. iU iillor, Jour. Ojj/. Soo. Am., 35, 318 (1f>:i5). 
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§4.0). WadsTfrorth*® noted thnt .thia astigmatism might l3<5 clini- 
inated, at least over any desired short region of the spec triiiii* by 
making use of the fact that if a grating is illuminated with a boa in ol 
parallel light, a normal stigmatic spectrum is produced at the normal 

to the grating. The dispersion is Chen 
cut ill half, however, since at the nonniii 
the new focal curve lies halfway out lo Llio 
Rowland circle. Various workers used a 
large convex lens to make parallel tho light 
on the grating, and Meggers iin<I Ilnriifl** 
originated a mounting of this tyja^ 
which a concave mirror is used. The loss 
in light from the extra reflection is more 
than coinpensated by the iiicronscd niigii- 
lar aperture of the system and by the 



Pig. 4.16» Wadsworth 
mounting of the concave 
grating. 5, alit; il/, concave 
mirror: Q, concave grating; 
P, plafccholder; iZ, bar along 
which plate holder slides : O, 
oxb of rotation of grating and 
of bar A; Ci light-tight case. 


elimination of astigmatism. 


A Wadsworth mounting of the Megger^" 
Burns type is illustrated in 1^'ig- 4, 10. 
Grating and pla beholder lire connected by 
a rigid bar, but provision must be luinio 
for adjustment of their distance niMirl, 
since the focal curve is a paraljolii. The 
grating turns with the bar so that ibe 
plnteholder Is always on its normal, whereas the sUt an<l concave 
mirror remain fixed. The curvature of the plate must be clumgwl 
slightly from one region of the spectrum to anotlier. Though 
truly stigmatic images are obtained only on the normal, For pi-ncUciil 
purposes a range of many hundred angstroms can be arranged for uhc 
at one setting. In general, a length of spectrum equal to ahoiil 
onc'Sixth of the distance from plateholder to grating will be fouiicl 
in sufficiently atiginntic focus to permit use of a votn ting-sector disk 
or other photometric device at the slit. 

^Yllen designing a Wadsworth mounting one should select a grating 
that does not have more than 15,000 or 20,000 lines per inch. In I he 
formula For wax'^elcngth po.sition. 


7n\ 


A 

X 


(sin i 



sin d) 


F. L. O. Wndswnrlh, Anfrophff^. Jottr.. 3, 34 (1S00). 

'' \Y, F. Meggers and Iw. Burnii. fiur. Standards Sci. Paper 411, IS, 1R9 (ldS2)> 
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0 is always close to 0 deg for the Wadsworth raoimtingj so the formulA 
reduces to 



A 

N 


sill i 


Thus it will be seen that with ii 3(),000-line-pei'-iiich grating the longest 
wavelength that can be rcachctl nt any reasonable angle of incidence i 
(not over 45 deg) is about 8000 A. The wavelengths tliat will appear 
on the normal for a 15,000-1 inc-pcr-inch grating at any given angle 
for a stigmatic mounting arc given in Table 4.1. 


TAHT*K 4.1 

WaVUMONOTIIS and FfMTAI, 1 >IHTaNC?KH TIIH NdRMAlr IN TIIH WaDBWOIITII 

MoUNTINO iron VaHIOITH AN'CIIjI-^H of Incidisnou 


Allele of 
iiiciflrncc 

WnvidoiifiLli 

Dll imrinnl 

Focal ilistnncc 
(frncLioii of A) 

■ 

8* 

ililAU A 

O.SOjU 

in® 


O.fiOdB 

la® 


0.0055 

u® 

4100 

0.5075 

ifl® 

4072 

0.5000 

IH“ 1 


U.,51^0 

tflJ® 

.WOT 1 

0.5150 

i4® 

(mo4 

1 

0.51^!20 


71h1H 

0.50 1 1 

;w® 

SOHl 

0.54 1 1 

SCJ*’ 

, ni>(l8 

0.55^ 


'Hu; fiffiiro.x in 'riihla 4.1 luiU] fcir ii ) /1.0(M)-liEic-|H*r-LiK'li in iJic fir^l ordcr- 

ir otlifT orilt»rH lire; iih(;c 1, iho wiivolviiffLK;^ arts l<j l>c liividcci by the isrdcr iiiiinbcr. 
'I'lic wuvaliMiKl li'i foi* (i S0.0(H)-]iiu;-|ji;r-in-f*}] gntLiiif' ares cibLiiiiuHi by dividing Lliojtc 
in lh(' lablc* by 'I'lir r<K'n] dlsliiiit^c in any unit is by /f. Mic ntdiuB of curvature 

of lii« gralinjc in UitiL iiiiil, tniiTtiplieil by Llic fnielion in column 3. 

A very siitisrac^lory WiulHworlh Ktignin tic mounting in operation at 
llic iMassjicliiiscUs Iii.sliLuLe of Teehtuilogy, whore two instruments of 
I his type have been in fi'oqiioiit use for many years, coiisi.Hta of a 
.‘15-ri concave grating i].se(l in c:onjiiiiclion with a 7-in. uhimiiiiKed 
glass mirror of otpial riitliii.s of c'lirviilurc. A ])ljitehol(Icr 30 in. long 
i.H provider! tliat will luild one, two, or three 4- X 10-in. siiectrmn 
plates, or one centered 2- X plate, at one time. Arraiigeineiil 

is made for moving this platehohicr ii]) and down so that ns miiiiy n.H 
40 spe<4ni ean be photographed on a Mingle plate. The Xixe<L bar 
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on wliich rod H in Fig. 4.16 slides is calibrnterl with a wnvolcnglli 
scale. In changing from one spectral range to another, tlio incj’v n e 
rod is first pul in the desired position, so that the proper spcclro 
region will be centered on the plateholder P , and then the pi a tel ui i cr 
is moved along the rod to the position given by n mnnei'ical tii > c o 
focal positions. The only other adjustment requii'ecl is a s ig it 
change in curvature of the plateholder. This can be made ficxi > Cj 
or separate plateholders can be provided for the various I'cgions. w 
curvature adjustment can be made by means of cnlibrnteil screws 
at each end of tlie plateholder. In one instrument, all otlicr ndjua - 
menta are made with electric motoi’s; and the racking adjuslmciit# 



Fig. 4.1^. Commercial Zl-ft concave -grating epectrogreph of the Wadsworth 

type. (Courtesy JarrelJ-Ash Company, Boston.) 


which is also done electrically, can be controlled from outside the 
room in which the grating is mounted* 

The plate factor obtained with the Massachusetts Institute of 
Technology instruments is 3.3 A/mm in the first order and l.Off 
A/'nun in the second order. Any spectral region from 2000 to 10,000 
A is readily available, and in the first order a I'egion 2500 A long can 
be photographed at one time on three lO-in. plates placed end to en*i. 
Fach instrument occupies a space about IS ft long by 12 ft wkic. 
One of these spectrographs, having a gi’ating that tJirows rn os t of 
its light into one first order, is very fast, a 3-second exposui'e bcJJig 
mfficient to give a strong spectrogram of an iron are throughout most 
)f the visible and ultraviolet regions. 

The Jarrell- Ash Company manufactures a spectrograph of the 
Vadsworth type,^* shown in Fig. 4.17. 

It. F, Jarrell, Jour. Opt. Soe. 32| QSO (1949). 
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For many routine iJiirposes, such iis qualitative and quantitative 
spc'ctrograpliic analysis of inutcM'iatH, it is convenient to have a 
Wadsworth nioiiiitin^ in fixed auci ])orm alien t focus. Por analyzing 
ferrous iniiteritils and other spectra rich in lines, it is desirable to have 
a ])late factor of 5 A/irnu or less. iX'Iost routine analyses cun be made 
lining lines lying in the region SJ400 to 4400 A. To meet the requirc- 
iiiciit that this ‘^000-A range should be photograiihcct an a single plate 
with a plate factor of o A 'liiin, a plubo 400 inin, or about 10 in. long, 
is necdcMi. Or one can photograph the eiittrc riinge from £000 bo 
oOOO A on a ]>laLc only £f) in, long, covering £200 to 2000 A in the first 
order and £000 to £200 A in the sccrond. Such overlapping is much 
less ohjectionahic in emission analysis Lliiin is ofloii supposed, bccniisc 
of the high dis]K'rsioii available with such gmtings. 

'J'hc erileritin that tlie siigiiiatic range in a Wadsworth mounting 
is about oiie-sixtli of the gratiiig-plutc di.4ttLncc indicates that we 
sliould make tliis tlistaiK^e at least 10 ft in designing ii fixod-focuH 
siiectrograph. A plate factor of 5 \ inni will he ohtiiinecl at it focal 
distance of 10 ft witli ii grating having about 12,000 lines per inch. 
Thus a (f-in. concave grating with 12,000 liiica pt'r incli and having 
ti £l-rt radius of curvature <roiild serve as the licart of such an instru- 
ment. 


4.8. The Choice of a Grating Mounting. Small coninicrc'in] cou- 
ch ve-gni ling instruiueuts, which a 1*0 of ncc(‘ssity portable, iiHiiiiIly 
arc made with I he Fugle inoiiiil ing, or in sonic cases with the Abney* 
When one is fact'd with the tiecessily of chocisiiig the nio.st suitable 
mouuling for a targe grilling, (he first considci'al ion must be Liuil of 
sjjsiee. AVlicre only 11 long iiiUTow <?opri<lor or verticil I shaft can be 
used, the Fagle iiioiiiit ing is sii liable. 'Die m^oss se<;lion of its cou- 
hiiriing box is detertiiiiied only by I lie length of spectrum to be 
pliologrii plied at one setlirig and by the ba/Iles needed to cut down 
stray light. 

If a room of tnedimn sixe (say 1£ X 12 ft) is av'^ailable, 11 Sl^fl 
grating in the Wiitlsworlh mounliiig will probably be round more 
useful than a. shorlc'r-foeus grating in any other nioiinting. The 
grilling of longer radius will cost no more than a slxirlei' one for the 
saiiK* art'll of ruling, and (he iidvan luges of a stigiiialic tnountiiig inv 
olilained; moreover, the grilling eaii also be listed at its fii]] dispersion 
lalcr if ii larger spji(‘e becomi's iivn i liilile. When .s]>iice is iivailahle 
and iisl igrmilisiu is nnohjeel ionahle, the PasclK'ii-llntigi' tiioiiiiI ing is 
so nine'll nioT'e flexible Ilian Die others IhiiL its use is adviintageoiis. 
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As to the choice .of grating spacing and numtier of lines, much de- 
pends on the type of problem to be attacked. In general it is advan- 
tageous to have a large nuiuber of lines and a close lino spacing* 
provided ghost intensity is not thereby increased niifi high orders 
need not be reached. No instrument lias ever sulfcred from too 
mucii resolving power, and disper.sion can a I way. s be deepen se< I if 
necessary by using auxiliary mirrors as in the Wadsworth mo un ting. 
For constant angular aperture and slit width, increased tIis]>er.sion 
decreases the intensity of continuous spectra but not of mono_ 
chromatic line spectra. Increasing the di.siiersion, of course, de- 
creases the range of spectrum that can be photographed on a plate 
of given length. 

Modem mirror coatings having high reflecting ]Jower in the ultra- 
violet region as well as in the visible make ]>racti cable a number of 
modifications of the standard mountings. Thus by use of a single 
plane mirror and a slit that can be rotated about a vortical axis, the 
grating can be illuminated from any angle in a Paschen inounting, 
which can then be used, also as. an Abney mounting. Two movable 
mirrors and a fixed slit can also be used. One of tlic systems de- 
scribed in § 4.0 for eliminating astigmatism with the help of a cylindri- 
cal quartz lens onii sometimes be introduced to impart to any mount- 
ing some of the stigma tic advantages of the Wadsworth mounting. 

4,0. Astigmatism of the Concave Grating and Its Reduction, 'flie 
astigmatism of a concave-grating spoctrograpli can be moa.stired in 
terms of the length of the line into which a point on the slit is foenswi 
on the Rowland circle. This length depends on the gi'ating and how 
it is illuminated, and is proportional to the length of the rulings. 
Calculations of astigmatism are usually given in terms of the quan- 
tity i", which measures the astigmatism per unit length of ruling: 



sin® 8 + 


am® i cos & 


cos ? 


Figure 4.18, from a chart due to Rentier,'^ shows the iisLiginutism to 
be exi>ected when variou.s angles of LncLdeuce and diffraction are usetl. 


The Fngle mounting has much less nstiginatism than the Howland 
and is somewhat superior in this respect to the Paschen. In general, 
the least astigmatism is found at the normal to the grating and wdicii 
the angle of incidence of the light on the grating is kept small. How- 


ever, to get minimum astigmatism at a given wavelength, i shouhl be 


set equal to ns in the 


Eagle mounting. 
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Astigmatism reduces the intensity of fi line if light is sent through 
only n short portion of the sliti becitiiHc the lengthening of the image 
spreads the light over n longer line. Xhe intensity of n line produced 
in an astigmatic spectrogrniih can, therefore, he inerensed by illiimi- 
nnting a longer portion oF the slit. If n siifHoicnt length of the slil 
is i] 111 minuted, the intensity in the middle of the Line will be as great 

as that ill a stigma tic image. The source used must of course be of 

■ 

sufTieient extent that the cone of light from it will com]iIctely fill the 
grating. 

Astiginatism rc<liices resolution slightly, since the iistiginatic lino 
images are slightly ciirvetl. This elTect is very snialU however, micl is 
of importance only wlieii extremely high roaolutioii is required. 

AaNimitiam 



Angle of dllfracUon 


Fig. 4.18. Astlgmntisjii In units of the length of grnting grooves for a point 
source nt the slit for various angles of incidence nnd diffraction. (Fnnu It. (■. 
Iltriillrr'^, liy pfriiiiHsiuji ■Imir. ()|>L. Sor. Am.) 

Tile principal dniwlaic^k of aslignifilism in a c;oiic!jive-griiLing .spee" 
irograpli i.s lliiit it ]>reveiil.s u.se of .several of Llie more cfTeetivc inelli- 
cids of p1iot.ogra|)]ii(‘ ]>]inloiiielry Lhal are valuable in qiiaiitilative 
speelrngnipliic' aiialysLs. .A.sligiiitili.Htii lia.^ been disenssed in aonie 
ileliiil by Dieke^*' and by Heiiller.^^ Oh leu berg'" has critically dis- 

‘Ml. H. Dirlco. Jttur. Oftt. Siw, ,(»».. 23, 'il l (108:1). 

‘ML (1. IlriillfT. Jniir. StN'. Am.. 35, iWl- (10 1:1). 

Olcii'iilicrf'. mftiur. Oft/, .SVw. 22, l-tl (IlKW); iiImi (r. II. Diokr. 

Summt'r fViw/. on S/u'rfnfitriifthtf^ p. 71. New York: Joliii & Sons. Jiic., IWIIU. 





92 


DIFFRACTION-GRATING SPECTROGRAPHS 


CH9 


cufised several methods that have been suggested for eliminating tJic 
effects of astigmatisin in the concave grating- A method due to 

Strka'-* is widely used, and is here reproduced. 

The Itowlnnd circle represents the horizontal focus of a gt'atingi 
but somewhere outside of this circle tlie light from the slit passes 
through a vertical focus, wliere each point on the slit is imaged ns a 
horizontal line. Any point on the Rowland circle marks also the 

pH P ^ 

vertical focus of aozne point outside of the slit. This positioning la 
easier to visualize if one thinks of a point source of light jjlaced at the 

position of a spectrum line, which 
will be brought to a horizontal 
focus (vertical line) on the slit and 
to a vertical focus beyond this. 
Thus in Fig. 4.19 an object placed 
at the outer focus O will be brought 
to a vertical focus on the circle 
at the grating normal, provided no 
lenses interv''ene, and a diaphragm* 
step weakener, or logarithmic sec- 


G 



Pig. 4, 1 9. Sirks' cons tructloa, for 
the special case in which a grating 
is used on the normal, to Bud the 
position, O, at which horizontal 
stops may he placed so as to be 
imaged as points along the spectrum 

lines, Itowla-n-d circle; G, grat- 
ing; slit; AO, tfuigcnt to Row- 
land circle at intersection of grutiog 
normal with the circle; O, position 
at which horizontal stops should bo 
placed. 


tor (§ 13.3) can be placed there. 
The point O is located in tlie general 
cose by extending the straight line 
which connects the position of the 
plateh older on the Rowland circle 
with the intersection of tlie normal 
to the grating and the circle, until 
it intersects the line connecting slit 
and grating. Its dtstance d frcim the 
slit is given for the Fugle mounting 
by the Formula 


d 


R sin i tan 


where R is the radius of curvature of the grating. Obviously, only 
a relatively short region of the spectrum can be covered in this way 
nt one setting of O. 

Runge and jVJannkopf^® have devised a means of producing ft 
stigmntic image of the source on the plate by using a combination of 
a spherical lens and a cylindrical lens, or a concave mirror, to form 


J. L. Sirtes., Asiron. and Ar/rojdtjfx., 13, 703 (1804). 

C. II. Rungo and R, Mannkopf, 2'. /. Phys., 4S, 13 (1007), 
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si.io: 

tin asti^iifttic buncllc of rays timt liaH iLs horizontal focus n.t the slit. 
Usin^ iiiicori*octGfl quartz IcnsGS, they were able to produce sti|^iniitic 
images of the source over as iniieh us 1000 A with ii single setting of 
the lenses, the natural dispersion of the qniirlz serving to extend the 
normal range. 

Wc may obtain a siigniatic spectrum witboiit .saeriiiciiig dispei''sioTi 
by placing a small cylindrical cpiurtK lens with its axis horizontal 
Ijetwcen slit and grabing.^^ In this position the lens throws a virtual 
vertical image op the .slit hack to tlic outer focus of the grating; and 
stigma tic, though enlarged, imagcH of the slit ui^i^ produced on some 
])art of the liowlaiul circle, the exact jiositioii of the lens being chosen 
to fit tlie particitlar region of the spc^ct^Lltn being studied. It is 
usually possible to bring two n'ginns of the spectriiTn into stiginatic 
rocii.H .siniiiltaiieoiisly, and the iiatiiriil ilispcrsioii of tlic quartz may 
again be used to c^xteiid the range. A i5- X 5-cm plano-convex 
cylindrical lens of l.'ifl cm focal length in the vertical plane Avill be 
round suitable for a or [O-nicLer grating. 

In all the above arrangements, tlie gain in light intensity is only 
that incidental to the proi Inc Lion of a stigmatic image, and in Momo 
cases there may be lo.ss of light if care is not taken to sec that the full 
length of the slit and the full apertui'e of the grating are filled with 
light. We may, however, obtain a V€*ry grt'ut iiicivase in line bright- 
ness, n.s shown liy Iltiinphreys and by <leIir(!ke,-“ by pin can g a sborh- 
fficiis crylindrical Ictus in front of the phite. All of Lite liglit that 
ronnerly crc)vered a line say o can long i.s now foensed down into a, 
Icaiglh of perhaps /> nnii, with ai'csidtiiig tenfold incrcaHc in intensity. 
For general work an ac'cmrate £i- X •'3-<!ni cyliiictrical cjiiiLi'tz leii.s with 
a Pocral lenglli of about cm i.s re(‘oiii mended. This should not he 
placed parallel to the plate hut iioriiud to the heam incident on the 
len.s; to avoid a dc^cavasc* in resolution, great esare must he tideen to see 
lliat its axis is truly lioHzontid. (hdy a- sliort portion of the? specti'iiin 
at a Lime cam he eovcuvd with a .sinall lens, of course?, and the arrangc- 
inent finds its greaU'sb ii.se in .studying liy peril iie structure patterns 
or very hiiiiL })aiid lic^tids. 

4.10. The Testing of Diffraction Gratings. Wlieti a specrtn^graidi 

is purelin.sed from a maniifitc?tiirer, hc' i.s of cmiirse n^spoiisihle for the 
salisfaelory \]erforiiiaiice of its optic'iil parts, J^pciladdy as many 
tmperfec‘1 |)riHms as im]>c*rrecrL gratings have lieen pmducc'd in the j>aHt, 

St'i* (). C Ilf It'll hc'ra, Joitr, Ojtt. *S'fW. /fur., 22, 447 

\V, iJ. n iiiii|>1in',vr(. A»lropin/if, Juttr., 18, iJii t (lIlIKt); l*<. Cit?lir<*ke, ^f./. fnnir. Ac/p., 
31, S7. ‘^17 (15U I ). ' 
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but the former linve been weeded out by the mamifncturers so thnt 
the user seldom sees one. Gratings, on the other hiind, arc in many 
cases purchased directly from those who rule them, and since a pci’fcct 
diffraction grating has never been ruled, it is desirable that the user 
should be familiar with tests that indicate the merit of any grating 
that may come into his liands. These tests should cover spectrum 
intensity, Lyman ghost intensity, Rowland ghost intensity, iino shn|ic, 
target pattern, resolving power, scattered light intensity, sjitclliLe 
intensity, and tlie variation of these with angle of illumination and 

with wavelength. The details of such tests are discussed in §5 5.3— 
5 . 6 . 

4.11. Grating Monochromators. In the past, most cominerc;in] 
monochrojniitors {§§ 3.16, S.12, 17.S) have been constructed with 
prisms as dispersing agents, but the introduction of the alumiii inn- 
con teci gloating, with its increase in intensity, decrease in scattcrcnl 
light, and simple optical system, has made possible design of excf^llont 
grating monochromators. Harrison*® has described a siinjale mono- 
chromator using a S -meter concave grating that makes beam.s of high 
radiant flux and great purity available. As discussed in Chapter 0, 
the larger n given type of monochromator, the greater the rmliant flux 
of a given degree of purity that can be isolated by it. For certain 
applications great gains result, when numerical aperture can no longer 
be increased, by merely Increasing the actual sizes of the source, 
monochromator, and receiver. Other thing.s being equal, a liundreil 
times as much monochromatic flux can be obtained with an instru- 
ment built around a 10-ft concave grating as with one of ordinary type* 
having a 1 fit-in. collimator. The transmission oP a good grating instru- 
ment is Fully as great ns that of an equivalent pri.sm type. 

Plane gratings lend themselves to use in inonochromator.s, with iiii 
off-axis parabolic mirror for both collimating and focusing, as <lc- 
scribed in. 5 17.3 for infrared prism instruments. The improve*! 
reflecting powers in the ultraviolet now available for mirrors imikc 
possible the design of new types of monochromators that cover the 
entire range 2000 to 10,000 A at fairly uniform dispersion. Since no 
refocusing of chromatically uncorrected lenses is needed, a simple 
wavelength control with a direct-reading dial can be provifled. 

Speculum -metal gratings scatter more light than i.s desirable for 
use in monochronintors, even when coated with aluminum. A grating 

** G. n. HarrLmii, Sixth Co»f. on Spec., p. 01, New York: John %Yiley & Sons, 

ine., 1i>34; iilso G. R. Harrison and B. P. Uendey. Jour. Opt. Soe, Am., 30, rfOO (tttUO- 





CHAPTER 5 

The Testing, Adjustment, and Care of Spec- 
troscopic Equipment 


PlIE ADJUSTMEOT of QENER.AL TYPES OF SPECTliOSOOPIC EQUIPMENT 

is discussed in this chapter. Details of adjustment of apparatus for 

^ccial applicationsj such as infrared spectroscopy, iibsorptiou. spec- 

tropliot ome try , Haman spectroscopy, and spectroscopy of the 

vacunm ultraviolet, will be found in the chapters dealing specificfillj*' 
with those techniques. 


THK TESTIjSTG OF SPECTROSCOPIC COMPONENTS 

5,1, ^ The Testing of Slits, The jaws of an adjiia table .slit should 
he polished to almost mirror smoothness, and should be closely 
parallel to each other and in the same plane, To tietenniiio whether 
these requirements are fulfilled satisfactorily, a demounted slit having 
adjustable jaws may be tested by laying it on an illiiTnlnaterl opal or 
ground glass, or supporting it so that a sheet of white paper may be 
viewed through it. The sht opening may be examined with a low- 
power magnifier, while the slit is closed slowly. At the instant of 
complete closure, if the jaws are straight and parallel to each other, 
the light will be extinguished simultaneously at all points along tlie 
silt, and if the jaws are in the same plane, this siinultaiitMly will 
observed no matter at what angle the slit is viewed, ff the wifith 
of the slit appears to vary with the aspect from which it is vit^ved, the 
two jaws are not accurately in the same plane. AdjustTnejits are 
usually provided whereby the jaws may be made parallel if they are 
found to be improperly alignetl. Jaws of a slit in which tlu* hoWled 
edges do not lie in the same plane should be reground for thickness. 

Another method of testing is to photograph an image of the slit 

under actual working conditions, with the slit inouiited as it is to be 

used. I# the slit belongs to a visual spectroscope witli a viewing 
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eyepiece or to a monoeliromntor with nn exit aperture, the eyepiece 
or exit aperture should be rcmovccl so that the spectral image can be 
photographed in the position at which it is most sharply in focus. A 
source coinjiara Lively rich in line lines, such us un iron arc or a copper 
or iungsbcti spiirk, may be u.sed. With a slit opening of 0.01 to 
0.02 mm, the spcctrimi si mill cl be focused carefully until sharp images 
c>f the slit lire obtained in the portion of the spec train to be used for 

tesLiiig, The slit slioulcl then be opened to a width of about 1 mm 

■ 

and its edges cleaned careful ly by stroking them with-.' a sharpened 
stick of clenn wood iii one direction. A scries of teat spectra should 
then bo ])hotogni])hed with slit openings varying from about 0.04 mm 
to full closure. ].)uring these exposures the full length of the slit 
shoiihl be ilhiininatod, any diaphragms or aocrtiircs that might shield 
porlinns of it from illuininiitioii being i-e moved. If the pliotograplied 
HiJec^lriiiii lines ajiijear wedge-.shapetl, lack of parallelism of the jaws 
is indicated. If the spec:Lriim lines appear ragged or uneven (Fig. 5.1) 
tlic (uiuse is jn'obably dirt on the jaws, im])crfcctions in their edges, 
or L>l i]iilnc.s.s of I lie jaws. 

Tilt' second Tiielliod of Lesl- 


iug slits is af>plieah]t‘ only lo 
speed niseiipic: systems in which 
sligiiiEitic iniiigcs of the slit 
an* rorriied in the focal piano. 
Ill a.stignmlic? speclro.scopes, 
I he slit can usually be tlc- 
1 noun led mid lesLeil by the 
ni*sl incthod (le.scrihed ub<»ve. 

Figure 5. 1 shows .si)e('Lrii taken 



Fig. 5.1. Out-of "focus spectra photO" 
graphed with a dirty and defective 
spectrograph slit. 


with <liriy ami defe^’llv'e slits. 

5.2. The Testing of Prisms and Lenses. The .siiectroscopist has 
liLlte occasion lo le.sl pi'i.sTTi.s or leii.ses excicpt in instances in which lie 
is concerned with the design iintl ('oiistriu;tion of special equipment. 


Iiuspeetiou of such eonipoiienls for slriac, bubldos, surfiicc.s acnitches, 
and oi lier gro.ss i 111 [icrfce Lions ('an lie iice()iiipli.shed easily with the aid 
of a low - 1 lower iimgniner. 'Pliere is usnitlly no need to go beyond 
such cursory exuniiiial ion, sines' coinponeiiLs arc lestcil for jierform- 
aiiee in I be fipLieal shops wliere they are fiibricated. Instruct ions 
reganling I he nieasiireiiienl of iiidic-es of refraction, ilLspersioii, ]u'istn 
luigles, fcwiil Imiglhs of lenses and mirrors, ami the various aberrations 
of h'li.ses mid mirrors are given in standard treiLtiscs on optics. In- 
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Testing of Gratings 


No two 

e of most grn.tiii(Ci< 
Tulinga arc 


by masking areas in whicn xae ^ of trmting spx-c^l 

the edges. Increasing commerctiJ 1 1.- ..*•* 

graphs is helping to relieve the import, 

sity of subiecting new ° ^ ‘ in the t«l.or«U= 


be able to dctennine 


Tliis test is nsi^fwl in locMil 


a. The FoucauU Antje-eaffe ^ - i„,f tt..o<lu<- ( 

imperfect areas in concave gratings (Pig. 5 .«)- ■< « 

example, a razor blade) is mounted on a 7 

that it can be moved along the focal plane, throng ,„t'rr«rv «' 

intense, isolated spectrum line such as one emi t te« >y 



Fig, 5.2. Foucault knife-edge test us used with a concave grating. 

fc, icratingi c, knife-edge on carriage movable by a transverse sc*rt»w; f 
>»f observer's eye. 



When viewed from close behind the image, the gmtitig will appi'ii 
to be Riled with light, since light From nil parts oF tho graling pass*"- 
through the image into the eye pupil. If each pnrt csrinl rihiiU’’-'* 
]mi))ortionate share of light to the image, and if the irnuf^i' rfhui ‘1 
itiid frt'e from effects of aberrations, moving the kiiire-oilge into t h* 
Image will cause the light to be cut off uniformly uiul 
from all parts of the grating. If, however, large bright arims 
observed on the grating when the knife-edge is movc<l in Us the iiiiiigi*' 
Ihe.st* areas are usually due to imperfect riiliiiga, wliicdi .should •><' 
uiKsketl. The effect of masking such areas on the epiiility of llit“ 
s]K*t'tra produced by the grating should then be trieil. 

/>. Tarffr/~Pof/ern Test, Another method of dcterrnjniiig ch'fe<’liv<‘ 
arcus of concave gratings is to view target patterns of .strong rjK'rfuii'Jfc^ 
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lines (or other distinct, intense spectrum lines) on screens placed 
about one-third the distance from the image plane to the grating,^ 
with tJie gi'ating otherwise set up as for normal use. Ty^jical target 
patterns arc shown in Fig. 5,3. The images so obtained are broad 
areas corrcspomling to bundles of rays converging toward each 
si>ectrum line. If the various portions oF the grating all contribute 



Figs. S.3 a, b. Typical target paltorne. (n) Pnllmi (»f n. sIiikIc wiiv’pU'Ii^Ui 

rrikiti II gi'ciil (I>) Pii 1 1 1 ’ni-H of lliri-o wjivolt*iij(lliM frimi iiii infcpie)p 

Ili“| friHii of t/ii’ SiTi'ttffi *S'wiwoi#^r (.Unt^t-rt’ncr^ on SfM-rfi'otfcojtj/ 

owrf 7 Av l»y pop mission of the piibliKlicrH (the Tcchnoloify Prens ami 

Joliti Wiloj’ Siiiix, Jiu?., New York.) 

Ill fir pro]>()rl ioiiiile share of liglil to the rorinatioii of a sliiirp iniiige, 
the targtd pa Hern will have a iiniforin or ii clmniieled slriudiire. 
Otherwise, I lie piillerii will show irregular i>atflies. If the pattern 
is iiTC'gular, I he t*fVe{*Ls of iiia-skiiig c*iin he tried, the oplimiim iiniHlcing 
being del eriiii lied by trial and error. 

It, UiiiriHcin, of fitf Sitmwrr Ctin/rrrnrf wt 

itHfi It,* A pftfoutf inn H. New Yiirk: John & Si ins, Inc., HI U), 
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c, Deiennination of D^ects Thai Give Ri^e to SaielCiies, A tliirrl 
method^ originated by R. W. Wood,® is applicable to determining 
defective areas in plane or concave gratings whicU give rise to promi- 
ncJit satellites. A slit is placed in the focal plane in such n position 
as to pass the light from a satellite but to obscvive the principal lino 
and other lines. The light that passes through the slit is sent through 
a lens onto a photogi’aphic plate in such a manner as to Form an 
image of the grating on the plate. If only certain portions of llic 
grating contribute to formation of tlie satellite, these portions will 
appear most prominent in the photograph of tl\e grating. Once 
their position has been determined by this means, they may bo 
masked. It is sometimes found that the position of a satellite vanes 
with refei*ence to the principal line ns the spectrum is traverseth tbo 
satellite coinciding with the line at tlie grating normal. 

d. Observaitoji of Ghosts* Although Rowinud and Lyman ghosts 
cannot be eliminated by masking, since all portions of the ruled 
faces contribute to them,, it is of importance to determine their 
prominence. To observe Lyman ghosts, the grating should be set up ^ 
as for normal use. If the slit is illuminated with a source having only 
a few strong lines in the visible, such as a mercury arc, tlie Lyman 
ghosts will be observed most easily as visible lines in the region be- 
tween the violet end of tlie first-order visible spectrum and the central 
image. Visible Lyman ghosts have the same colors and appearance 
ns their parent lines. Hence if one employs a source having doublets 
or triplets in the visible spectrum, the corresponding Lyman ghosts 
will be doublets or triplets of the same color. Almost any grating 
will show Lyman ghosts if a wide slit and intense source are used in 
the search for them. A grating having Lyman ghosts more intense 
than 1 ^10,000 of their parent lines should be viewed with suspicion 
for all but a few spectroscopic purposes. In case of doubt, the 

relative inteusities of ghosts and lines should be determined photo- 
graphically, 

Rowland ghosts may be observed by using a narrow entrance slit 
and viewing the first- or second-order visible spectrum lines with an 
eyepiece, Tlie ghosts appear as additional weak lines regubudy 
spaced on either side of all strong lines, as shown in Pig, By 

taking a series of p1iotagi.*aplis of the spectrum with different times of 
exposure and determining the time ratios for which the ghosts procUicc 

the same blackening in one photograph as the parent lines in another, 

— — — — — — -- ^ 

* - Vk ood, Opiics, New York; The Macfnillan Company, 1034;. 
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one inny determine the approximate relative intensities of the ghosts. 
Alternatively, a ratating logarithmic sector may be iLsed. In the 
first-oi*der spectrum of a good grating, the intensities of Rowland 
ghosts should be less than 1/1000 of those of their parent lines. The 
relative intensity of ghost to line can be expected to increase approxi- 
mately as the square of the order; gliosts in the second order will be 
about four times ns strong relative to their piirent lines ns in the first. 
This rule is only approximate, because some orders may show in- 
ordinately .strong ghosts. In general, Rowland ghosts produce Less 
confusion in the sjjcctruin than Lyman ghosts, 

5.4. The Testing of Prism Spectrographs. An easy qualitative 
test i.s to photograph the spectrum of a source rich in sharp lines, 

such as an iron arc, and then to compare 
this spectrogram with one made on an 
iiislruincnt known to perform satisfac- 
torily . Prints of ii*on-nrc spectra and other 
spc(rli'«>granismiide with good instruments 
of higti dispersion may be obtained from 
spectrograph inaiuifacturerg. A narrow 
slit should be used, and the focus of the 

spe(;trograph should be mljustcd carefully 
before the te.st is made (see § 5.9), The 
Lest specrtrcigrjuns should be taken on 
] dales of ]noderat.e contrast, devclof>ccl to 
givt? average tonal graulatious. This pro- 
cedure is esHi'iilial in order that iT^la Lively 
weak imperfect ions will not be obliterated when the exposure and 
devcloT>iueiit. are such us to result in ajiproprinte blackening of 
the .Hlrouger lines. 

Spt'cdrogranis Ijikeii wilh the full slit illiimniatcd should be com- 
pared with those lakeii with various portions of the slit covei'cd by 
ineiiiis of II llurlmauu diaphragm (Pig. 5.4). The line sharpness 
shouhl he essentially the same wliellier the toLiil slit length or only 
[Kirliotis of it. are used. If Ihi.s is not the case, cither the focus is not 
pro])erly iidjiisled or defect Is in the components tire indicated. If, 
with the speed rograph in proper adjustment, the lines ai'c abnormnlly 
fiiKKy nr irregular or lire fouiH] to be ai'ConiTianied by sulellites when 
coin pa ret I wilh .sliindiu'd spectrograms, defects in the components 
limy be Hiispected. 

5.5, The Hartmann Test. IF coiiii>oiicnt defects are indicated by 





G 


Fig. 5.4. The Hnrtmann 
Diaphragm. 'J'lir (liiiphmgin 

D rntiLtiiris .sninll 

(ipoiiiiigH, niiy fine cif wliieh 
mil be l>rtiii|;tit into jiisfLu- 
jmsiliiiii wi|.]i 1 lie sliL N l>y 

still i II K tiiii phriigin sidc- 

wiiys in llie grotives O, 
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the above procedure^ b simple test method devised by Hartiurtiiii* may 
be used to locate the defects. In this test a small liglit fiOiirc*i 
such as a condensed spark between, tangs ten-a tee 1 electrodes or * 
WesEern. Union concentrated arc lamp, is used. The source w 
mounted at a distance of about S5 cm from the slit, on a cjirriagc Ibal 
will permit it to be moved laterally in a plane parallel to the plftiic 
of the slit and along a line perpendicular to the slit (Fig. With 

the source placed approximately on the optic axis of the colUniftlor 
IcnSj the slit is narrowed until its central diffraction maxiniiiiii covers 
only n small portion of the collimator lens. By moving the source 
Ifllerally, it is then possible to direct light in the horizontal piano 
through different portions of the spectrograph optica. By using 
different openings in a Hartmann diaphragm over the slit, it is ftirlher 
possible to send light through different portion.^ of tlie optics ill IIh? 
vertical plane. 

For each setting of the Hartmann diaphragm, a series of live or 


Q 

Fig. 5,5. The HsTtmann Test, a. Point source inouuted on carringc wiLli Irnn:^ 

ver^iG screw mo-Lion; bt slit of spectrograph; c> coUituntor Jetis< 

more spectrograms is taken with the source positioned so as to 
Illuminate different portions of the optics. If there are no apprc'ciiilile 
aberrations or other defects in the system aiul if the spectrograph is 
in proper adjustment, the spectrum lines in all Ihcso teat .spectra 
should be in good alignment with each other. If the plate is in fixml 
of or behind tlie true focal plaue, there will be a j>!'ogrcssiive ahiriing 
of the lines with change in position of the source or of the diapbrngm 
openings. The focus shotild then be readjusted until the sliiftiiig of 
the lines is reduced to a minimum. If there arc seriou.s lens nberrn- 
tions or inliomogeneities in the prism or lens materials, irregular 
shifting of the lines will be observed even after the best focus has Ijccii 
attained. Wlien such defects occur, their effect may often be red iiccil 
Tnnteriallyi or eliminated, by masking portions of the prism or lenses, 
This masking may be accomplished by trial and error, those portions 

* J. Hartmann. ZHta.J. I nsti’umentenl'unde, 20, 47 (ISOO). Sec also U. S. Buroan of 
Sftindatdn ^icionii/ic PapffrSy aumberft Sll and 404. 
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of the optics which the test spectrograms show to be the worst 
oifeiiders being innskctl first. 

The above test shows only whether light beams siifFcr irregular 
deviations in traveling through particular portions of the lens and 
l^risin optics. For any particular locani, the test does not indicate 
whether the colliiiintor lens, the prism, or the telescoi)e lens is the 
ofieiiding component. For lvittrow-ty]>e spectrographs, the lens may 
he tested .separately by the riartinann method if the prism is removed 
and a mirror siibstitiite<l in such a manner ns to reflect the rny.s buck 
through the lcn.s along their ordinary path. In this test, the radiation 
is not spread into n spectrum; hence chromatic al>crrntion, ordinarily 
compensated by tilting of the specbinim plate, may cause ai>prccial>lc 
brojidcning of the slit image. This difficulty may be overcome by 
using a source with widely spaceil lines, such as a mercury arc, jiiul 
isolating one line by a suitable filter so that the slit is i1luminiitc<l 
with approximately moiioehroTnabic radiation. Jn general, the best 
focus iin<lcr such conditions will not correspond to the position of 
sharp focus with the prism in place, since a difTerenb light path is 
followed by the rays in traveling From the iniiTOi* to the plate when 
no prism is interposed. Accordingly, the focus must be adjustc<l 
before a final test ]}late i.s made. 

Tf dofects arc found by the Hartmann test, it may be advisable to 
remove the lenses and to te.st them inclividually, either by the knife- 
edge test,* as described for gratings in § •'3.5, or by other stain lard 
ineLhods (see (ieiieral References S.! -.'1.5). It is well to look for 
defects in the ])rism first. This st?arch is imule most simply by siih- 
sl ill] ling another prism and repejiling the llartmanii test for the 
complete system. 


ADJUSTMHNT OF IMllSM .KND 
(IH.VnXH SrKf’THOCHAPIIS 

5,6. Adjustments Required for Various Types of Instruments. 
SpecLro.scopic ecpiipineiit is of many dill'ercnt tyi>cs, each of which 
involves ])articiihir adjiistineiiLs for best pcrforinitucc. In general, 
such ailjustmcnts involve (a) setting the slit to an n|>pi*opriatc open- 
ing, and to ])arallelisni with ix^spect to a prism n])cx or to the ruEod 
lines of a grating, (b) optically aligning the cnniponcnl jinrls of tlie 

* A pinhole wairec iii iimckI. itioaiitcd f>ii (lie ciiilii! uxim in ihc ciiHe of ji Ichk iiuf] iis 
neJir Ihc optic axiH ns fcnsihlc in llic ciisc of a mirnjr. 
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system, and (c) focusing the components. These operations should 
be carried out in the order given to achieve approximate adjustment* 
after which it may be necessary to repeat the vai’ious procedures 
until the best adjustment has been reached iia a result of successive 
approximations. 

Commercial spectrographs, spectrophotometers, and monochrom- 
ators are usually designed so that the necessary adjustments arc few 
in number. The optical components are sometimes pei’m alien tly 
aligned and fixed in position by the manufacturer, with no provision 
for further adjustment. In almost all instruments, however, adjust- 
ment of slits and focusing are required. 

S.7. Adjustment of SUt Width and Length. Methods of testing 
and adjusting slits for parallelism of the jaws were described in § i5,l* 
Some slits are made without.. provision for adjusting the jaws for 

parallelism. If they are found to be seriously noiiparallel. a moro 
perfect slit must be substituted. 

Slits should be kept free from dust particles or dirt, which may 
interfere with the uniformity of tlie slit aperture. A method of 
cleaning the edges of open slits was described in §5,1. Some ad- 
justable silts and most fixed slits are covered by plates of quartz or 
glass on the side toward the light source. Cover plates sliould be 
cleaned by wiping them with lint-free cloth or lens tissues, moistened 
with ether or alcohol. Special core should be taken to avoid finger 
marks on quartz cover plates. Any fingerprints present .sliould lie 
removed carefully with a grease solvent before exposure to ultra violet 
radiation, because if such radiation falls on fats or other organic 
substances, it may cause permanent etching of quartz. 

When open arcs or sparks are used, danger of pitting or fouling 

of the slit edges by material from the source may be reduced by placing 

a transparent protecting plate between the sovirce and the slit, or 

by using a condensing lens so that the source can be moved farther 
away. 

Protecting plates, or plates used for the mounting of fixed slits, 
may , as the result of interference arising from multiple rofiections, give 
rise to variations in the intensity of the radiation transmitted through 
different portions of the slit. The errors that such effects may intro- 
duce in QuaDtitative emission analysis, and their elimination, have 
been discussed by Stem,* 

The width of an adjustable spectroscope slit is usually set at be- 

* Joshua Stern, J. Opi. Soe. Am., 36, (1040). 
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tween 0.01 and 0.00 mm. The optimum opening depends on the 
instrument and its application. Details of the calculation of op- 
timum widths are given in Chapter 6, 

\ diaphragm witli V-sliapcd opening is usually provided for adjust- 
ing the length of slit to be ilhiiniuabcd. Ordinarily only a portion of 
the total length Is used. In stiginatio ins brume ntSt increasing the 
slit length usually merely inGroiise.H the length of the spectrum lines 
producc<l; in astigmatic instruments it may greatly incrca.se intensity. 

lenses oF short focal length may be used in lieu of slits. A ]>scudo 
slit of thi.s type has been described by King.^ 

5,8. Adjustment of Slit Perpendicular to the Direction of Disper- 
sion, The .slit .should he j^arallcl to the apex of the firism or to tlie 
rulings of the grating used. This itcljustmeiit la accomplished by 
rotating the slit in its owJi ])lauc, itfter the prisin or the grating 
un<] the other optical componciit.s of the system, arc in proper align- 
ment . 

Often it is .sufTlciciit to set the slit so that the spectrum lines from 
a source .such as a mercury arc or neon discharge tube appear per- 
pendiculiir to the line along which the various wiivclengths arc dis- 
])ersc(l, a.s viewed on a ground-glass screen. llePci'cnGC lines marked 
on the Kcjrecn, or a piece of branslnccnt coordinate paper, may be usc^i 
for <;hecking porpendiciilarity. In stigma tic instruments the slit 
IciigLii may be closed down almost to n point, so that the resulting 
.spectrum, if continuous, aj>penr.s as a line; if discontinuous, as ii 
.scries of points along a line. One of the coordinates of the screen or 
gra])li juii)cr may tlicn be set parallel to this line, after which the 
entire slit length may be exposed to light from a line source, the slit 
being rotated until the spectrum lines arc pi*opcrly aligned with re- 
spect to the ])er]>endtcuhir coordinates. 

For the most precise ailjiistincnt, the foregoing method may be 
used inercly fop j)rclimiuary alignment. Tlicn a series of trial apec- 
trognmiH, taken with the iiistnjinenb jn'operly Focused and with slight 
eliniige.s in the rotation of the slit for eacdi new exposure, nmy lie used 
to clelermine the slit angle that gives the sliarpent apcctrum lines 
1)or|3eiiciicMi1ar to Die line of clispersion, 

III llie cra.se of prism in.strunienls, the spectrum liiic.s arc appi*c- 
eialily curved. Tlierefore only a short middle portion of each line 
will appear strictly jKrr])cndiciilar to the spectrum, hut it is iisunlly 
possible to judge fairly well when the curvetJ liiie.s lire sy in metrically 


‘ G. M. IvijiK, J. O/i/. StH'. Am., 36, 1(J4 (IttlO). 
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disposed Tvilh reference to the perpendicular coordinates. Lines from 
grating's are only slightly curved. This curv^atiire, and any inclina- 
tion of the slit, decreases resolution in astigmatic instruments. 

Focusing the Spectrum: Commercial Prism Spectrographs. 

It will be assumed in this section that the slit has been adjusted 

properly and. that the optical components are suitably aligiieiL 

Procedures for aligning various components are given in subset] iieiU 
sections. 

focusing vary considerably for different types of 
instruments. lu the simplest instruments, such ns tlie usual hand 
spectroscopes or spectrographs, only one focusing adjustment is pro- 
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eyepi^e or plateholder. In visual instruments equipped witli fixed 
cross airs or n fixed aperture viewed by an eyepiece, the focus shoutcl 
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side. If movable, Llic eyepiece lens sboiiUl flr.st be focused so that 
llic cross hairs or aperture iippeni' .sliiir^^ iiiic 1 cle ar. 

In photographic iiiatriiinents, preliminary focusing may tjc accom- 
l>lishc(l by observing on a groiind-glii.ss screen the images of wiflely 
S7»)cecl spectr 11111 lines, such iis those from ii neon tiiLic or mercury arc. 
Several spectrogriiins .should then be takeiii corresponding to slighb 
dilferenc^cs in focus (i^ig. t 5 . 0 ). The filial setting to be chosen is the 
one tlial yields the sharfiest lines in the portion of the s]iceLi‘iim to be 
ob.sci'vcd. In .small or niediiim cpiartK .spectrographs, for example, 
the best setting for lines in the visible and near ultraviolet may be 
somewhat different from that for lines in the far ultraviolet. 

second erase is that of spectrographs on which there is only one 
focusing adjii.stineiit lint on which tbc tilt of the plate may also be 
changed. Preliminary rocu.sing aiu] plate-bill ad j list men ts may be 
accoiiiplislie<l by observation of visible lines on n groiitid-glass screen. 
A test plate is then laken in the maiincr described above, and that 
position of rocii.s is selected which glv'^es the shar|iest line images near 
the center of rotation of the plate. In large .spectrographs other 
Ihiiti those of (he Ljitrow lype (dis<‘ussed below) it may be necessary 
us a prelim inn ry measure to shift the plate holder along the s])cctriim 
to ti position eorresfionding to the spectral range to l>c photographed. 
After the sped rum lia.s been fcauised sharply for the editor of rotation 
of the plate, a second test plate is Liikeii on which is ]} 1 iotog]'ai>he <1 fi 
serie.s of spectrograms corresponding to di(lVi*eiit pliil.e tilts. '^Phe Lilt 
liiuilly clio.seii should be thai which gives the shai'])e.st line ininges 
throiiglioiiL t he range of the .speclriini to lie observetl. If a line drawn 
on I he spectrogriiin connect ijig I he posil ions of best focus in successive, 
uniforndy spaced exposures is slraiglit but inclined, only ai change 
in atigh* is rei(iii]*cd. If it is cairved, the plate niiisl be bent to achieve 
the best focus. 

5.10. Focusing the Spectrum: Commercial LUtrow and Kagle- 

Mounting Spectrographs. Speclrogniidis of (In' I.illrow type rcciuire 

siic<*c.ssivc a<ljii.s( men t of tlie angle of l.he pri.stii or gniLiiig, the focus 
of the lens, and I lie angle of (he idiileliolder, Onnnieivial instni- 
iiietit.s of this lype are usually supplied with calibration tables showing 
llic ]irc>per si‘llirig.s of tlie.se tliree adjust iiu‘iil.s for vitrioiis witvcleiigtli 
rt'gioTis. Often (wo or more of I lie nf ljn.stineiils are geared logel.her 
.'to as to he ac(‘oiTiplis[ied aiitoiTiaticNilly when the Helling is shifted 
from one spectral region to another. 

If aiilomatic couple<l .‘idjii.sl iiieiils are not ii.sed, it is lir.st iieccssiiry 
In .set the rlispersing eleiiienl to cau.se the desired sfiecLral region lo 
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fall on the plate. If calibration data are lacking, this is accomplished 
easily for the visible region by visual inspection, using a gronnd-gmas 
screen and a source providing widely spaced, easily identifietl sijcc- 
brum lines* In the ultraviolet region a fluorescent screen may l>c 
substituted for the ground glass, or a series of test spectrograms may 
be taken with approximately correct pUite angle and focusing adjust- 
ments, and witli different prism iucliiuitious . After the angle that 
gives the proper spectral range has been chosen, precise focusing and 
plate-angle adjustments are accomplished as outlined iii § 5.9. When 
all the procedures have been carried out and the proper settings detev- 
inined, these should be recorded to facilitate tlie making of future 
adjustments. 

In concave-grating instruments using the Eagle mounting, the 
adjustments are analogous to those described and are carried out m 
a similar mamier. The concave gi'ating corresponds to the Lit trow 
prism and fens system combined. 

Precise focusing in all the above cases itiny be facilitated by use ot 
the Hartmann test method (§ 5.5) or by a simple modification thereof 
in which aperture stops are placed on the collimator lens. 

5.11. Adjustment of Spectrometers. Collimators and telescopes 
with multiple movements and adjustments are provided on many 
spectrometers. The following adjustments mvist, in genevtd, be made f 
(a) The eyepiece of the telescope must be set so that the cross hairs 
appear sharp to the obsenrer; (b) the telesco])e must be focused no 
that parallel light is brought to a sharp image in the plane of the 
cross hairs; (c) tlie collimator must be focused so that the light from 
each portion of the slit is sent into ft parallel beam; (d) both the 
telescope and collimator must be adjusted so that their optic axes arc 
perpendicular to the axis about which the prism or grating rotates; 

(e) tlie prism or grating must be leveled so that the j^risin apex or 
grating rulings lie parallel to the axis of rotation of the prism table; 

(f) the collimator and telescope must be set for an angle of deviation 
approximately correct For the wavelength region to be observed; 

(g) the slit must be adjusted for proper width and for parallel i.sin to 
the prism apex or grating rulings; and (h) the prism must be adjusted 
for approximately minimum deviation at the wavelength to be 
observed. Thus the use of a spectrometer often involves a compli- 
cated series of adjustments. Nevertheless, the.se adjustments arc not 
difficult to make if undertaken systematically in the sequence 
indicated. 
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5.12. Adjustment of Concave G-ratlngs. Tlie testing of gratings is 
described in § 5.S. Methods of adjusting commercial grating instru- 
ments are discussed in §5.10 for Littrow and Eagle specbi'ograpbs, 
and in § 5.11 for spectrometers. Here wc will consider certain more 
general problems that arise wlicn the spcctroscopist is not using a 
commercial sj^cebrograph }}rcvioiisly assembled by a mauuFac turcr, 
but Js confroiited with the ncccssily of installing a grating and of 
undertaking all the adjustments himself. Such situations arise par- 
ticularly in tlu: use of concave gratings of long focal length. One or 
more grating holders may be set u]j in a room that can be darkened, 
in which there is a permanently installed Paschcii-Hungc or Wads- 
worth mounting, or both. The slits to be used lu’c usually mounted 
ill openings in a wall of the room, so that the ligh t sources to be studied 
inay be placed outside the room. When the original gi'abings arc set 
up or when difrerent ones are substituted or adde<b a scries of careful 
adjustments must be made if full advantage is to be taken of available 
resolving power. 

The adjustments will be tlescribcd here only qualitatively. Dis- 
cussions of the cjuaiititalivc cfTccts of ciicli of the several tidjiisimcnls 
are given in various publications,*^ including General ItcFereiice 5.3. 

Pive prineiiial types of mountings, described in Chapter 4, are 
used with concave gratings: Howland, Paschen, Abney, Eaglc^.and 
Wadsworth. In all of these except Llie Wailsworth, the grating ami 
platcholder are mounted on the lio^vlniid circslc. In the first three 
inoiiii tings the slit is also on the Itowlund circle; this would be true 
also of the Eagle mounting were it not for the fact that light is intro- 
<]iicccl from a .slit at the side and rerii'cbcd toward Llic grating by a 
pi'i.srn or mirror. Accordingly, grating adjustments will be discussed 
first with parliciilar rereretLC'c to the Itowlaiicl cirelc, and the special 
problems tliiit arise with respect to the Wadsworth mounting will be 
considered sejmrtiLely. 

a. The (traling Holder. It is csHcijti4il that the grating holder be 
rigidly coti.sLrucled and inounte<l, Adjiistiiien ts should be provided 
for roLtiting b^' accurately controlled niiioutits around each of throe 
jniiliially j>crpendicular axes (Pig. 5,7). One of these axes, Xt lies in 
the pliiiie of the Rowland cirelc and is per]3eLirlicuhi.r to the grating 
tti the cenLcr of the ruled space. A second, //, uImi lic.'j in the ]daiic of 
Llie Rowland circle, is ] perpend j cm i In r to .r, and pusses through x at its 
point of iiilc’rsccLioii wiMi the graling. The lliinl, z, is ])erpeiidicular 


® ][. Ci. llciiLlcr, J, Opi. Hoc. .'fffi-, 35, !H I (10 t»). 
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to tke plane of tlic Rowland circle and passes through the point ol 
intersection of a; and y. Thus, for the usual setup, x and 2 / 
approximately horizontal and z is appi'oximately vertical, 

hfotion about x rotates the grating in its own plane. IMotinii 
about y tilts the plane of the grating with respect to the plane of the 
Rowland circle. JVIotioii about z rolls the grating plane about a 
vertical axis. 

Lrimited motions about the x and y axes may be accomplished quite 
simply by mounting the grating on a leveling table. If a leveling 
table is used, there should also be provision for rotating the grating in 
its own plane {about the x axis) for rough adjustment, and for rotatiitg 
in this plane precisely through 180 deg from any starting position. 
The leveling table may be set ou another table that can be rotated 
about a vertical axis (the z axis), core being taken to align the center 
of the grating with this axis. 

Other designs of gi’ating holders that provide the required adjxisi- 
ments mny, of course, be used. In addition to the provisions for 

rotation of the grating, there should be 
means of moving the holder along a line 
noi'mal to the gi'ating. to permit accurate 
^ adjustment of the distance from the grat- 
ing to those parts of the incchaiiicnl 
mount which must coincide with the 
Howland circle. 

X A grating itiiist be free From strain when 

mounted, so tlint the ciirviiture of its 

surface will not be altered by prcssiii'c 
Fig. 5,7. The three axes from screws or springs; yet it must be 

cave grating should be pro- firmly so that when once adjusted it 

vMed. will not move. Various holders for grat- 

ings are described in the literature, among 
the best being those which press lightly with leaf apidiigs 
against the front face at three points on its unruled surface, while 
three screws press from behind directly opposite the points of contact 
of the springs. In such a mounting the orientation of the grating 
can be adjusted slightly with the screws, and its weight is carried 
loosely on its base. 'That a grating when mounted is free from strain 
and has a good optical figure can be determined by illuminating the 
grating through a narrow slit and viewing the central image or any 
strong line at its focal point with an eyepiece; or the Foucault test 
described in § 5,3 can be used. 
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When not in use, gratings should be protected from <lust> fumes^ 
and oLlicr deleterious substances. This objective can. be couvenien Lly 
necomplislicd by designing the holder so that closure of a cover shuts 
the grjiting into n tightly enclosed compartment. It should be pos- 
sible to open and close this cover without disturbing the grating 
adjustment, and provision should be inn<le for mounting occulting 
masks in front of the grating, to shield xmrtions of the ruled surf hoc 
from illumination if necessary. 

6, Ajyproxiviaie Adjiistmenta. After the grating has been mounted 
in its holder, approximate adjustincn ts should be made. Those may 
he necomplislicd by observations, mcasii rein cuts, and tests with light 
beams ns in the setting up and alignment of any optical system. 

Since most gratings throw the light uncciually into equivalent orders 
of the two sides of the central iinngc, the more dcsirnblc aide should 
first be found. Ordinarily one chooses the first or second order that 
is most intense in the visible region. This choice can often be made 
by holding the grating in the hand in a darkened room, illuminating it 
with the full light of a mercury lamp, and observing tlie spectra 
thrown on walls or ceiling. The eye is not a parLiciilarly good judge 
of rebitive intensities, however, so if this test does not show one order 
to be much more intense tlian its counterpart, photographic tests 
sliould he made. 

The coinhitialioii of <lircct-inten.sity tests and Uirgct-patLcrn tests 
will ordinarily settle Llic question of which orders are most useful in 
H given grating for a given spectral region, («ratLiigs tciul to throw 
their light in a given diix'ctioii rather lluiii into a given or<ler, so if 
the iir.sL order on one side is particularly bright at say JS.'jOO A, the 
second order at ^7.50 enii be expecto<! to be bright on that side. 
Target-pattern chnnges or decreased refle«rLing power of the grating 
ill the ultraviolet nmy intervene to alter this teiideiiey. 


OiitJt* the side of Llie grating to he used lias been cliosen, the face of 
I he grating should he set so I hat it lies a]}f>roxi]i iiit(‘ly in a vertical 
plane langeiil to the Rowland ciri^le iirid at -Hiit^li ;i liciglit thjit the 
xy plane is eoinc’itleuL with LhtiL of the R-owIaiid cii’<'1e. The gni.tiiig 
shoulcl be rotated so that its rulings are a]>[)roxiniaLely vertical. The 
.slit should be sed on llie Howhiiifl ciix'le, with its iiperlure apjiroxi- 
inately vertical, and at a height sueli that llie xy plane normal to llie 

grating (that is, the plane of the Ibiwland circle) fiisecLs Lhe slit 
length.* 


* An cxccpliiiii <H't*iirs in iiioiiiiliii/{H of llin (yiii*, in wliith lliv mHc ia auiiicLUnc*!] 

pliKS'rl Nli^lilly (ii‘ iM'Inw tin* ]>lufu' (if till* Itciwliiii'l (‘iri'lo. 
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It ia asauined that tlie disposition of the grating with respect to 
the slit along the circumference of the liowlancl circle has been deter- 
mined by the type of mounting to be used. The approximate position 
in which spectra will be formed should be known from this choicse 
and from the constants of the grating (see Chapter 4). 

c. RoUUiott About the y Aids. The central portion of the widened 
slit should be illuminated with light from a mercury arc, and th6 
visible spectra should be observed on white screens or the walla of 
the darkened room. If the spectra are thrown above or below the 
Howland circle, the grating should be rotated about its y axis until 
the spectra are coincident with the Rowland circle. After this 
adjustment has been made, rotation of the grating about the sr axis 
should not raise or lower the spectra with respect to the Rowland 
circle if the center of the slit is accurately in the plane of the Rowland 
circle. If raising or lowering occurs, the slit heiglit and rotation of 
the grating about the y axis should be adjusted until rotation of the 
grating about the z axis no longer causes such motion. 

While this adjustment is being undertaken, it may be necessary to 
rotate the grating slightly in its own plane (about the x axis) in order 
to bring the line of dispersion of the spectrum into parallelism with 
the plane of the Rowland circle, .since the grating lines must be 
perpendicular to this plane if the spectra are to be parallel to it. 

d. Focusing {fie Grating. The grating is next focused approximately 
for the portion oF the spectrum to be photographed. This focusing 
is accomplished by motion of the holder along a line normal to the 
grating. For the visible region, prelim inaiy adjustment may be 
made by visual observation of the spectrum lines on a viewing screen 
in the pla beholder or with an eyepiece held in the hand, but a series 
of test spectra should always be photograplied to determine the best 
setting. 

Often it will be found that it is not possible to focus sharply all 
lines within the desired range along the curve of the plate (Rowland 
circle curve), because errors of run usually cause gratings to focus 
their spectrum lines along a curve slightly different from that of the 
true Rowland circle. This effect can be overcome to a considerable 
extent by rotating the grating slightly about its z axis, so that the 
plane op the grating is no longer strictly tangent to the Rowland circle. 
This adjustment is known as roUing the grating, or as setting the 
grating in aberration^ since a perfect grating so rotnterl away from 
the true tangential position’ would exhibit considerable aberration. 
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jVlany gratings have a false focus that is easy to confuse with the 
real focus. As the target pattern narrows down to form the spectrum 
line, it splits into a constantly decreasing number of fairly sharp 
fringes of varying intensity, and in some gratings a strong fringe and 
a weak fringe pass through each other to Form the spectrum line. If 
too faint an exposure is mode, the strong fringe may be mistaken for 
tlie spectrum line itself, and For tliis reason typical lines should always 
be exposed up to high densities. Such exposure is also necessary to 
show tlic presence of satellites. 

0 . Setting ike Grating in Aberration, Hcfore one starts the rolling 
adjustment (rotation about the 2 axis), an approximate determination 
should be made of the effect of rotating the grating through 180 deg 
in its own plane (about the x axis) 011 the position of the focal plane 
oF the spectrum. The grating holder should bo moved along the 
normal of the grating until such 180-dcg a;-axis rotation throws the 
sjjectruni equal di.stances beliind and in frant of the llowland circle. 
The grating may then he rolled on its z axis until trial mdicabca that 
rotation through 180 deg on the x axis causes no appreciable motion 
of the spectrum and until the s])CGtrum is sharp along tlie entire 
iLMigth of the Rowland circle encompassed by the pla beholder. 

f. SeUiiiif the Slit Aperture Parallel to the Orating Rulings. Finally, 
to obtiiiii lines of the greatest shaT]>ncsSk it is iiece.ssary to adjust the 
slit so that it is strictly pariillel to tlie grating ruliiig.s. For this pur- 
pose it is desirable that the slit be provuled with a tangential iuljusting 
screw whereby small jingles of rotation may be ac com] >li shed accu- 
rately luul rcprotiucibly. 

The effect of lack of parallelism of the .slit and the rulings is to 
broaden out the spectrum lines. Hy using 11 source Lhat yields many 
fine spectrum lines, and a jj arrow slit, line I then ])lioLograpliing a scries 
of test spectra with the slit set at sliglilly diJTercnt iiiiglcs, one may 
readily determine the optimum ailjiisLiuciit. 

g, If'inal Tests. The resolving power X/dX of a large grating can 
rcmlily be estimated by observing the hyper fine struct lire of the green 
line at 5401 A ns cinittcil by a cool rnercniry arc (sec § 20,1), or V>y 
]diotogra])liing close and fine liiiea from nil arc containing nire-eiirth 
salts, II source giving nitrogen bands in tMuission, or an iodine absorp- 
lion tube. (Irc'id cure should Ik* lidvcn to sec I bail the slit is accurately 
parallel to the rulings on the gniiiiig when resolving iiower is being 
lesLed. 

A point that has hcoii insiifRciently cnijdinsiKed in the past is that 
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the effective resolving power obtainable in practice is definitely a 
function of the density of the lines produced, and that line shape may 
change markedly with density. Almost nil gratings are tested by the 
makers for resolution, A common procedure is to photograph sonie 
line that shows hyperfine structure, such as mercury 5401 A, with 
enough exposure so that this line is brought to low or medium density. 
If close-lying components of the line arc resolved, tlie grating is said 
to be good. However, almost all gratings produce lines not of simple 
shapes, but with many satellites grouped fairly close together. Owing 
to the nonlinearity of tlie curve that connects light intensity with 
plate density, the apparent shape of the line is altered as the density' 
increases^ and its center of gravity may be shifted. For this reason 
a grating should be tested for resolving power at all useful densities, 
some lines being overexposed. At extreme overexposures, of eowrse, 
any grating will show false lines. 

5.13. Adjustments of Wadsworth Grating Mountings. In the 
case of the Wadsworth mounting, it is necessaiy first to adjust the 
distance From the mirror to the slit, so that light is rentlered parallel 
by the mirror. This adjustment may be accomplished approxiiniLtely 
by inspection of the reflected light beam and some what more nccii- 
rately by an autocollimating method. In the latter method, ii piano 
mirror is set up so os to return the reflected light to the colliinaling 
mirror. The latter is turned on a vertical axis until it forms nn image 
of the slit directly to one side of the slit. The collimating mirror is 
then Focused until the slit image is sharp. 

After having been focused, the collimating mirror should be rotated 
about its X, y, and z axes until the parallel beam of light from it t.s 
centered on the aperture of the grating. 

The grating adjustments are accomplished as tlescribed in tho pre- 
ceding sections. Strict coincidence of the plate with tlic focal planer 
of the spectrum is obtained by the use of specially curved plateholdcr.s. 
The rotation of the grating with respect to its JsaxLs is usually governed 
by the fact that it is desirable to photograph the spectrum ns near to 
the normal of the grating as is feasible. Since the focal curve of Liu? 
Wadsworth mounting is not a circle, it is necessary to change adju.st- 
nients of plate curvature and plate angle when moving from one 
region of the spectrum to another. 

5.14. Adjustment of Plane Gratings, The foregoing disciis-Hion 
applies to concav^e gratings. In the case of a plane grating, an 
auxiliary lens system is used, which has a single combiiiecl collimator 
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and telescope lens in Lit trow mountings, and separate collimator and 
telescope lenses in other mountings. The characteristics of the lenses 
(chromatic aberration, Batness of held, and so on) and their positions 
with respect to the grating, as well ns the constants of the grating, 
determine the position and shape of the Focal plane of the spectrum. 

The choice of grating and Iciises, and of their mechanical disposition 
with respect to one another, depends on the intended application, 
of the system, os discussed in Chapter 4. For any given system, 
all adjustments of the grating except with respect to rotation about 
the y axis are analogous to those described for concave gratings. The 
y-axis setting must be sueh as to obtain the desired angle of incident 
illumination on the grating, and to send the appropriate spectral 
region through the telescope lens. 

THE CARE OF SPECTROSCOPIC EQUIPIMENT 

5.15. General. Instruments should bo protected from dirt and 
cori’osive vapors or fumes. The spectroscopic laboratory should be 
clean and dust-free, and preferably air-conditioned. Plateholdcrs and. 
other parts that are subject to wear and possible damage during use 
should be inspected periodically. Oiling or greasing of sliding or 
rolling surfaces may occasionally be necessary. Wlicii lubricants arc 
used, the surfaces should be cleaned and a small amount of oil or 
vaseline of good quality should be applied. 

Enclosures designed to be light-tight may require testing for light 
leaks. Visual inspection in conjunction with a bright source of light 
is usually the most satisfactory, but photographic tests may be helpful 
when small leaks are involved. 

5.16. Care of Mirrors, Prismsi and Lenses. The best way to keep 
mirrors, prisms, and lenses clean is to protect them from accumula- 
tions of. dust and dirt by housing them in tight enclosures that are 
opened to the outside air only during use. Such components should 
he cleaned when necessary, but this operation must be perFoi*rncd with 
care, especially with first-surface mirrors and gratings. Dust may be 
removed from glass and quarts surfaces by wiping with lens paper, 
or with soft, lint-free cloth. Fingerprints should be removed with a 
gi’Ciise solvent such ns pure ethyl alcohol. Rock-salt lenses and 
prisms must be protected from moisture by keeping them in ii dry 
atnio.s])here. Their surfaces should be donned only with dry lens 
paper or lint-free cloth. 
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solution of ammonia may be used to remove stains, grense, and other 
accretions, followed quickly by thorough rinsing with distilled water 
to remove the aminonin solution. Wet swabbing should not be 
npplieri to mctal-on-glnss gratings or first-surface reflection replicas 

unless trial on an unruled portion 1ms indicated tlmt the procedure 
is safe. 

Second-surface replicas, in which a collodion cast of the master is 
mounted with ridings adjacent to the supporting surface, may be 
cleaned by wiping them cai'cfully with cotton or lens paper. Since 
the rulings are protected, the principal reason for caution is to avoid 
scratching the collodion surface. 

The reflecting power of mctal-siirfaccd reflection gratings deteri- 
orates with age. In the case of specnluin-metal gratings, this 
deterioration is due to the formation of copper oxide coatings, which 
may be removed rather ciTcctivcly by dilute ammoniak as described 
above. After the first year, deterioration of the reflecting power of 
inctnl-surfaced gratings is not marked over a period of 10 to 15 years, 
inovided the gratings are properly protected and cleaned periodically. 
The greatest change is usually found to be a decrease in ultraviolet 

reflection. 


Genebai. References 

.^.1. A. C. Hurily and F. H. Perrin, The Prinrijdet of Opliets, New York: 

Mc:G niw-I'Iill RcH>k C()in[mny, Ine., 

0.4. (1. F. lijeiwTimeiUal Optics, biiulon: Cambridge Universily 

Press, 1IW3. 

3.3. It. A. Sawyer, Experimenial Spectroscopy, New York: PrciiLice-IIiill, 

lue., 1))44. 



CHAPTER 6 


lUummation of the Spectroscope 

When" onb arranges the illujiination of a spectroscopic 
system, it is important to remember the following points : 

1. To take advantage of the theoi'eticnl resolving power of the 
systemi the full width of the prism, ruled grating surface, or other 
dispersing device should be filled with light (except insofar as optical 
defects in the system need to be masked out). 

£. To achieve minimum times of exposure in using spectrogi‘apIis or 
to obtain maximum radiant power in the spectra formed by spec- 
troscopic instruments, it is essential (a) that tlie full aperture of the 
system be filled with liglit and (b) tliat the source employed have the 
highest practicable radiance (radiant power output per unit solid angle 
per unit area of emitting surface) within the (le*sired spectral rangc- 
3, To achieve accuracy in spectrophotometric procedures, quail' 
titative emisSLOii analysis, and various other spectrosco]>ic applica- 
tions, it is frequently necessary that the slit of the spectroscopic 
system be illuminated uniformly throughout its length. 

In particular situations, it is sometimes necessary to effect a com- 
promise in which one or more of these conditions are not fulfilled ns 
completely as might be desired. 

6.1. Coherent and Noncoherent Radiation. When one considers 
the illumination of spectroscopic systems, it is convenient to distin- 
guish between coherent and noncoherent radiation. In coherent 
radiation, there are definite phase relationships between radiation »l 
different positions in a cross section of the radiant energy beam, 
whereas in noncoherent radiation these re1attonship.s are random. 
For example, a slit is filled with approximately coherent radiation 
when it receives light from a small distant source, l^ecause every 
portion of the slit is then illuminated by the light from each radiating 
atom or molecule of the source. On the other hand, a slit which has 

an image of the source formed on it is filled with approximately iion- 
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coherent radiation, since each point of the slit is tlien illuminated 
essentially by a single point of the source. 

In practice, the ilium in a Lion of any surface or aperture is never 
completely cohei^cnt or noncoherent, but the approximation to one 
of these two extremes may he very close. The iin]>OTtance of distin- 
guishing between the extremes arises from the fact that radiation 
From coherently illuminated apertures or surfaces may give rise to 
interference phenomena, whereas such phenomena do not occur it 
the illumination is noncoherent. 

The computation of the theoretical resolving power of dispersing 
components, for example, prisms and lenses, is usually based on the 
assumption that they are illuminated with ra<lintion that is coherent 
throughout the entire width of their dispersing surfaces (sec Chapters 
3 and 4). This assumption is strictly true only if the dispersing 
component is illuminated by radiation originating from a point source 
or an inlinitcly narrow slit. In practice, the slit always has finite 
size. If the illumination of the slit itself is iioncohcrcut. the illu- 
mination of the c]i8]>ersing component will he nearly coherent if the 
optical paths from the two edges of the slit to the dispersing com- 
ponent do nob differ by more than about one-fourth the wavelength 
of the radiation used. If the illuinimibion of the slit is coherent, the 
same approximation to coliercnce at the dispersing component is 
achieved with pabh-lcnglh differences from the two edges of the slit 
of about one-half wavelength. Thus a coherently illuminated slit 
may be made approximately twice as witle as a noncohcrently illii- 
nimate<l one for equally effective achievement of the maximum 
resolving power of n dispersing system illummatcd by the slit. 

6.2. Spectral Line Shape and the Rayleigh Criterion for Resolu- 
tion. The expressions for the theoretical I'esolving power of siiec- 
troHcopic systems given in Chaiiters 3 and 4 were based on tlie 
assumption that the entrance slit is equivalent bo an infinitely narrow 
light source and that the broadening of tbe slit images in the spec- 
trum, which limits the resolving i>awer X/dX, i.s due entirely to 
diffraction effects. In ad<lition. aberrations and imperfections in 
Optical components may cause diffuscncss, broadening, or irregularity 
in the slit images and may thereby reduce the rciil liable resolving 
power. Moreover, since the slit is never infinitely narrow, it is 
necessary to take into account the effect of slit width on effective 
resolving power and spectral purity. 

The intensity distribution of a spectrum line, its produced by a 
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spcctrogL*apli of high resolving power, is somewhat like that shown 
Lii Kg, 0 , 1 . No definite width can be set for such a line, so it is 
customary 'to use instead tlie halF^in tensity breadth &, or breadth nt 
tJie intensity which is half that at the maximum. The observed 
intensity distribution of the line is governed by two factors : tFio 
distribution of energy in the line ns a function of wavelength, \^diich 
is determined by the emitter, and the distribution of monochromaiic 


radiation along the spectrum, which is determined by the s]:>ecti'o- 
scopic apparatus. Sach approximately monochromatic section of the 
true line shape is subject to the “apparatus broadening,’’ anti the 



Frequency 


resulting spectrum line is the sum of all 
these sections taken together. Of con- 
siderable effect on this line sliapc urc 
the width of the slit being used and the 
mode by which it is illuminated. 

Any definition of what constitutes 
the limit of resolution between partially 


Fig. tf.l. Intensity dlstribU' 
tion of a typical spectrum line at 
high resolution; h, half-in ten- 
sity bread til. 


overlapping spectrum lines is arbitrary. 
The Rayleigh criterion, previously 
referred to, states that two images of 
infinitely narrow line sources, or jjoint 


sources, nre to be considered resolvable when they are separated by 


such an amount that the central diffraction maximum of one falls on 


the first diffraction minimum of the other (Fig. 6.!^). If the maxima 
arc of equal intensity and if the intensity curves os a function of 
distance from the central maxima are of such shape as would be ex- 
pected from elementary diffraction theory, the intensity mitlwiiy 
between the maxima is about 8S per cent of that at eitlier maxim iim. 

The Rayleigh criterion provides a good working rule as to what 
may be expected in the ability of the eye or of the photographic plate 
to separate two neighboring diffraction maxima. The actual sepnrii- 
tion of the maxima required in order that they may be distinguished 

as separate depends upon a variety of factors, including (a) the re- 

■ 

sponse of the light receptor, such as the eye, a photographic plate, or 
a photoelectric device, to variations in intensity; (b) the shapc.s of 
the intensity curves in the diffraction patterns; (c) the relative inten- 
sities of the diffraction maxima; (d) the effects of imperfection.s in 
optical-image formation as a result of mechanical vibrations, optical 
aberrations, and defects in the optical system; and (e) the effects of 
grain size or other resolution-limiting characteristics of the receptor. 
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Tl\e general problem of criteria of resolving power Una been con- 
sidered in detail by several workers.^ For our purposes it will be 
sufficient to use the liayleigh criterion as one that is convenient and 
closely in ngi'eement with average pi*actieal experience. 

6.3, Selection of Optimum Slit Width. Suppose the slit to be 
illuminated by light from a source that yields two monochromatic 
spectrum lines of equal intensity and of just sufiicient dift’etence in 
wavelength, dX, to be resolvable by the spectroscopic system, accord- 
ing to the Rayleigh criterion, Suppose the slit to be opened very 
slightly, say to a width such that its optical image in the plane of the 
spectrum (as determined by geometrical optics) is one -twentieth the 
width of its observable pattern. 

Two diffraction patterns, eoiTe- 
spomling to the two spectrum 
lines, will appear side by side in 
the spectrum, each with an 
intensity-distribution curve ap- 
proximately that shown in Fig. 

6.2, The central diffraction 
maximiim of each pattern will 
lie over the first minimum of 
tlie other pattern, ns in Fig. 6.2, 
since it has been assumed that 
the separation of the patterns is 

j\ist such as to satisfy the Rayleigh criterion of resolution. 

Let us now consider one of these diffraction patterns only (say A 
in Fig. 6,2) and examine the effect on it of increasing the slit widtii. 
Siiy>j>osc the slit is opened symmetriciilly to three times its origiiiid 
width — that is, to a width such that its optical image is three- 
twcMiticths the width of the original di [Traction pattern. If the slit 
is illuminated with noncoherent radiation — that is, if there aits no 
ilcfinibe and continuing phase rc1abionship.s between rafliabinn coming 
from different portions of the slit^the elTcet will bo as though a new 
slit were jslnced on each side of the original slit, all being of equal 
wulth. Wc can consider each of these new slits as contributing its 
own diffraction pattern but displaced to the right line! to the loft of 
the original pattern by one-twentieth the di.stancc between the 

* 'I'he tollowinf; |)iipcr» include rercrciiees to curlier wcirk: 11. 1*. Rjinisi^y, K. L. 
Clcvclund. and W. A. Iluw^ni, Jr., Jour, Op/. Sor, . Iih,, 32, "iKK (^10-l'i): II. 1*. Itmn.scy, 
O- T. Knppiiis, and K. L. CJlcvvltind, Jour. (/ffi. Soc. Ant., 31, (11)11). 


i 



Fig. 6.2. Rayleigh crltfirion for the 
resolution of spectrum lines, 'i'hc cen- 
tral cfiffmclion iniixiiniim 4if line A fulln 
iipf>n tlic firnt clifTracLion nilniiniiin of line 
fi at the limit of rcscdulicm as tlcHucd by 

tlic Iluyloigh criterion. 
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minima. 


The new intensity distribution may be obtained by sinn- 

If this is done it will ^v^ 
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ming up the three distribution curves, 
found that tlie effect of increasiiig the slit width by three times has 
been primarily to increase the intensity of tlie central maximuiu by 
approximately three times without broadening the intensity dis- 
tribution curve materially and, therefore, without substaiitinlly 

inffuencing the separation required for resolution. 

As the slit is widened, further, the central moxiTnum coiitimica In 

increase in intensity but nt a pro* 
portionately lesser rate. jPinnlly. 
when the slit is sufficiently wide to 
give a geometrical image oF about 
half the width of the original diffrac- 
tion pattern, measured between 
the two minima lying at either side 
of the central maximum, further 
increase in .slit witltli contributes 
negligibly to the intensity of the 

central inaxliniim. The 
effect of further opening of the slit 

is to increase the effective width of 

thus 



* V^f 


e 


o 
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the diffraction pattern and 
to increase the wavelength differ- 
ence necessary in order that two 
neighboring sj>ectriim lines may be 
separated. 

Figure 6.3 shows the variation of 
the intensity of the central maxi' 
mum and of the line breadth with 
slit width, in accordance with the 
theoretical results of van Ciltert.® 
Curves are given for cases in which 
the slit is ilhiminated by noncoherent and coherent radiation^ 
and results for any actual case will usually lie somewhere between 
the two sets of curves. 

In particular, one should note that for any spectrograph there it* a 
critical slit width, corresponding to an optical image about one-foiirln 
to one-hnif the width of the central diffraction maximum, beyomi 


Fig. 6.3. Variation of intensity, 
/, of Che central diffraction maxi- 
mum, and of the hAlf'‘intensity line 
width, Li as a function of the slit- 
width factor d ^A/> where 
£> la the slit width, > la the wave- 
length and / Ja the aperture ratio of 
the colJlmator lens. The subscripts 
e and »c refer respective^' to co- 
herent and noncoherent illumination 
of the slit, values for which are from 
van Cittert*. 


* P. H. van Cittert, Zeiischr. f. Pkyt., 65, 547 (1980); 69, 898 (1031). 
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which the peak intensity of a spectrum line is influenced but little 
as the slit is widened, whereas its breadth increases greatly. Under 
circumstances where maximum resolution is desired without undue 
increase in time of exposure, one should use this critica. slit width. 
This width can be calculated from the formula D = flfX* where D is 
the width of the slit, X is the wavelength considered, and / is the 
numerical aperture of the system, usually taken os the focal length 
of the collimator lens divided by its diameter, The factor lies 
between 1 and being approximately S for cohcreiib radiation nnil 
1 for noncoherent (see Fig. 6.3). Thus, for a prism spectrograph 
having a collimator lens of 5 cm diameter and of 40 cm focal length 
(/ = 40/6 = 8), the critical slit width for X 6000 A is 40,000 A or 
0.004 mm for noncoherent radiation und 0.008 mm for coherent. 
Dccause a wide range of wavelengths is usually involved and the 
nuliation is likely to be a mixture of coherent and iioucohcrcnt, in 
any actiud case it is best to calculate the approximate critical alii 
width, sot the slit at some value less thpn this, and then gradually 
widen the slit while observing the illumination behind the slit on n 
white card. As the critical slit width is reached, a considerable 
increase in brightness is observed, beyond which the brightness 
iiicrea.ses very slowly. 

Another procedure makes use of the diffraction pattern produced 
by the slit itself upon illumination with coherent light. The central 
maximum of this ^rnttern just fills the collimator with light when the 
slit is sufficiently narrow to prorliice a geoinetrioal image half ns wide 
as the liulf breadth b of tlie spccirni diffraction piitteims.* The slit 
is illuminated by an apjJToximatcly point source jilaoed on the optic 
axis at a distance of 26 cm or inoio. Starting with a .slit width too 
great to fill the collimator with light by diffraction, the observer 
narrows the slit until, on looking through the system Prom the position 
of the spectrum, he secs the central rlilfractioii maximum fill about 
two- thirds of the collimator. 

The above adjustments must be made with visible light. Since 
the appropriate slit width for the condition desired depends upon the 
wavelength, this factor should be taken into iiccounb in making 
pro])ortionatc adjustments for the wavelength region to be em]>loye<I. 

When maximum resolution is desired, it is eustonnavy to try first 
a slit width corresponding to an optical image about oiie-fourth to 

* 'niiH Htntcincnt L<i true only when ihc collimator fincl the (liHpcrHing; olcmcnt linvc 
the same efTcclive aperture, which in usiiiiily the ctnie. 
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one-lialf tlie TTidtli of the diffraction pattern. Thcoreticnllyi this 
width should give a good compromise Ije tween maximum line inten- 
sity and best possible resolution. One then experiments with slightly 
different slit widths until the best results are obtained, 

The effects of slit width on spectral purity For the noncoherent mill 
coherent modes of illumination have been consiflei'Cfl theoreticnlly 
and experimentally by several workers, including Scliiistcr,® ^'iin 
Cittertj* Mlljister,* and Stockbarger aiifl IJiiriia.** Precise analyses 
from the stajidpoint of diffraction theory are of liTiiitecl appliciibility 
to pi*actical cases, both because the illumination of the slit is in 
practice never completely coherent or incoherent and because effects 
other than diffraction, such as aberrations, influence the practical 
results. 

Filling the Aperture of the Spectroscope with Light. 'NVhcu 
the slit is wide enough so that diffraction effects may be uegIccLcci 
(slit width > light may be considered as traveling in straight 

lines through the slit to the collimator, and the conditions for filling 
the aperture of the spectroscope with light may be detenu ined by 
simple geometrical considerations. It will be assumed (a) that the 
entire effective width of the colliinator must he filled with rndiutioii 
to achieve maximum resohilioii, and (b) that the entire apertures of 
both slit and collimator must be filler] to achieve maxim uin trans- 
mission of radiant power into the spectrum. Sometimes the clcsigu 
of the system is such that some component other than the col lima tori 
such as a prism or telescope lens, acts as a limiting a per tu 1*0 stop, 
thereby reducing the area of the collimator aperture that can con- 
tribute effective radiation to the system. In siicli ciisc.s it is the 
elective aperture of the collimator, as limited by the .smallest apcrLiirc 
stop or dispersing element in the system, that must be illuminntcd. 
If both slit and collimator are filled with light, 110 additional system 
of lenses or mirroi's will increase the total radiant flux through Llic 
.system . 

The entire spectroscope aperture will be filled with rndiatioii when 
lines drawTi from any i^osition within the effective area of the col- 
limating component through any portion of the slit intersect an 
emitting area of the source. The angle that must he filled with 


*A. Scliiisler. Theory of Optica. London: Etlwnrcl Arnolfi, 1009. .Also Aatrophyn. 
Jour., 21, 107 (1003). 

* C. Mlliinter, Ann. J. Phjf/af^\ IS, Old (1932). 

s D. C. Stockharger and L- Burns, Jour. Opf. Soc, Ant., 23, 370 (1033). 
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radiation in any plane passing through the optic axis of the collimator 
j'a defined by the moat oblique rays that can be drawn from the edgos 
of the effective aperture of the coltiinator past edges of the slit (for 
example the solid lines in Fig. 6,4). 



(b) 


Fig. 6.4. Geometrical coadition for fllllng the spectroscope aperture wltli light. 

(a) Section <if colli inaiiiig eystem in plane pcrpoiidiciilar Lu hHl. (b) Section uf 
colli muting system in plane parullcl to Mlit. 


h'lnny sources arc too small to fill the limiting angles with radiation 
even when placed close to the .hUI, or they cannot bo ])laccd close 
enough to the slit to fill the colliintitor. Coiuleiising louses of suffi- 
cient aperture (Fig. 0.5) are ihen ii.secl, 



(Q> 



(b) 

Fig. 6.S. Use of condensing lenses to fill the spectroscope aperture with light 
when the source is too small to accomplish this purpose, (n) Splierieul conilciDiiiig 
lenM. (li) Two cyliiidriciii ccjialoiiMin^ lenses. 
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6.5, Use of a Condensing Lens or Mirror. In many uses of llic 

si3ectroscope> nn image of the source is formed on the slit witli n 
condensing lens. IF the lens is to be used throughout the visible nrwl 
ultraviolet, it may conveniently be an acliroinatic triplet with two 
outer components of quartz and nn inner component of nuoritc. A 
simple qiini'tz lens, which has small chromatic nberraitioii in the 
visible, or a glass achromatic lens, will serve for the visible. The 
problem of chromatic aberration i.s eiiinimitcd if a spherical concave 
mirror is used (preferably one coated with nliiminiim for the visible 
and ultraviolet), but tlie geometry of the condensing system is not so 
convenient as with a lens. 

When an image oF the source is formed on the slit of a .stignialic 
spectroscope, the spectrum lines will not he of uniform iiitciiHity 
throughout, since different part,*? of the source will contribute to 
different parts of each line. An astigmatic spectroscope will tcml to 
diminish these differences and produce more uniform and heller 
appearing lines. These do not, however, reveal so miicli inforinntioii 
regarding variation in radiation from different piu'ts of the soiiroe. 

The approximate lineal' dimensions of the source or condensing 
lens required to fill the effective aperture of the collimator niiiy ho 
computed ns follows- Lict the focal length op the coDiiniiting com- 
ponent be F and its apertuJ'e ratio / = K where <1 is the widLli of 
this component. Let the length of the slit lie I anti the distniifw from 
the source — or From the condensing Icii.s if one i.s used — ^to the slit Ije.r. 
The width of the slit may be iieglectetl in iliis conipiitiition. If ihc 
required dimension of the source or coiuJeiisiiig lens in tlic cJiroclioii 
parallel to the slit is called the height H, then, to a fir.st approxiimilioiip 

H = + l) (».l) 

If x is small in proportioji to the second term in this oQuiitiou is 
npproximiitdy equnl to the slit length, 1. If the required dmuMisititi 
of the soiii'oe or condensing Ien.s in tlie direction perpcndiciihir Jo Mio 

slit is c«lle<3 then 

ir = » p ((f.3) 

Thus for a coHiinator lens of aperture ratio/ 10 anti of 35 cm focal 

length, n slit length of 0.4 cin, and a source- to-slit distance oF lO c'ln, 
H — 5.73 cm anti H" — 3,0 cm. 

If niaxiiiiiim I’csobition is the priiunry consideration, coliereiiL 
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radiation should fill the aperture of the dispersing element in the 
plane j^erpondicular to the slit. Filling the aperture in the plane 
pariillel to the slit also is essential if maxim lira radiant power is to be 
transmitted into the spectrum, but coherence is not so important 
ill this direction. 

The ai>erture required to fill a collimator with light thrown onto the 
silt by n condensing lens or mirror may be computed most readily 
for the simple case in which the distance from the source to the con- 
densing lens is the same ns that from the condensing lens to the slit. 
Tlicn, ill the horizontal ]ilnnc, if a broad slit is used, the/ number or 
numerical ajicrture of the condensing lens must be half tlint of the 
collimator lens to fill the collimator with light. If complete filling 
with liglit is desired in the vertical plane, the / number of the con- 
denser must be still less than onc-half that of the collimator. This 
setup, giving unit magnification, is frequently used with sources about 
equal to the slit in length. Often, however, it is desired to form an 
enlarged image of the source on the slit because the length of the 
URcful emitting area of the source is less than that of the slit In 
suc^h instances, the / number of the con flensing lens for complete 
filling of the spectroscope aperture must be smaller than for unit 
iiiugiiificatlon. Conversely, if less than unit magiiilication is per- 
missihlc, complete filling of the spectroscope aperture with light may 
he necomplished with a condenser of greater / number than is requircfl 
for unit magnification. Application of the simple lens formula en- 
ables one to determine the si it-to-con denser distance, ar, for those 
various cases, after which the size of lens required may be connputcf! 
from Eqs. (6.1) and (0,2). 

With arc and spark sources, a magnification of about fourfahl is 
orrlinarily found convenient to keep the collimator ainl dispersing 
element filled with light while the arc and spark wander. 

There is no objection to using a coiulcuscr lens of more than sufil- 
cicnb aperture to fill the collLmator, provide<l the light sent into Ihc 
.spectroscope at an angle gi’catcr than that necessary to fill the* col- 
limator is not scattered into the sjicctrum. Where scnttei’ed light is 
apt to be troublesome, it is important to stop the condenser down 
until it just fills the colliiniitor with liglit. 


6.6. Uniform Ulumination of the Slit. Uniformity of ill inn i nation 
of the slit along its length is soineliino.s imporlunt, ii.h in certain 
methods of photographic photometry and in quantitative oniissioii 
analysis. In other applications, for instance in studying with n stig- 
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matic spectrograph, the spectral emission from different iircas of it 
source, it is important that the slit illumination be not uniform but 
rather that an image of the source be formed on the slit. 

Nearly itniform slit illumination may be attained by using a small 
source, without a condensing lens, placed at a comsiderablc dialaiice 
fTOm tJie slit (for example, a 0.5'cm source iit 26 cm soiirce-to-alit 
distance). With this arrangement, each point on the source illu- 
minates every point on the slit, with negligible variation in intensity 
as a result of variation in angle at which different rays are emitted 
from the source or of differences in path lengths along different rays. 
This method does not take full advantage of the resolving power of 
the spectroscope system iinleas the slit is narrow enough to fill the 
collimator with diffracted light. Also, since only that part of the 
sht length is used w^hicli subtends the angle of the collimator at the- 
source, the uniform lines produced are apt to be short. 

Uniform slit illumination may be obtained more satisfactorily by 
the use of n condensing lens placed immediately in front of the slit 

(Fig. 6.6). The source is placed at 
such a di.stance From the condens- 
ing lens that an image of the source 
is formed on the colliinator. Each 
portion of the .source illuminates 
the entire condensing lens, and 
hence the entire length of the slit. 
Such illuininatLon is not precisely 
uniform, since the path length 
and angle of emission vary .slightly 
for rnys to different points on the lens, but this effect i.s alino.st com- 
pletely averaged out in the .summing up of illumination from all 
portions of the source. The method is less wasteful of light than the 
previous one, and the full aperture of the spectroscope will be filled 
with radiation if the source is magnified to fill the coHiinator- 

A third method of uniform slit illumination involves the use of a 
cylindrical conden.sing lens placed with its axis parallel to the slit 
(Fig. 0.7) fit such a position that rays in the horizontal plane focus 
an image of the source on. the slit but rnys in the vertical plane jiinss 
through the lens appro.xiznately iindeviated. If the diameter of Hie 
cylindrical lens is siifHcieiit, this arrangement fills the width of the 

collimator with radiation and thereby enables the attainment of 
optimum resolution. 


Condansing lens 



Souree 


Collimafor 

lens 

Fig. 6,6. Use of a spherical con- 
densing lens iminedlatel^ in front of 
the slit to achlevo uniform slit lllumi- 
nation. 
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One can obtain uniform slit ilhiinination and at the same tim.e fill 
both slit and collimator with radiation by using two cyliiulricnl 
lenses, ns in Fig. 6,8. This method is due to G. Hanseu. The first 
lens Is so chosen ns to blirow a vertical line of light on the slit, focused 
only in the liorizontal direction. The second lens, placed at the slit 



Fig. 6.7. Use of cylindrical condensing lens Immediately in front of the 

slit to achieve uniform slit illumination, 

with its axis horizontal, throws an image of the source ou the col- 
limator as a horizontal baml of light faciisc<l in the vertical direction 
only. With such a system, the mtixinmin resolution of the prism oi' 
grating Is avail aide, since it is filled with cohereut light across its 
breadth and both slit and collimator arc filled witii radiation. 



Source 


Cylindrical 

condensing 

lenses 



SJif 



Col ( imofor 
lens 


Fig. 6.8. 


Use of two cylindrical lenses to obtain uniform slit lILumina 

tion and maximum total illumination. 


Desirable focal lengths for the two cyliiutncal lenses may be coin- 
l>iitcd as follows. The horizontal lens at the slit should fill Llic col- 
limator vertically. To obtain this result when an arc or spark is used 
often requires at least fivefold mfigiiificuilion (ten fold might bt? better 
but is less i>raeticab1e). Siibsti tilting the slib-colliniaLor distance ns i) 


in the lens forniiila 1/7'' 


1 + 1 'V and in the relation i’ 


;>H, wc 


have, in the case of a ^1-ft grating, v = ft. (iijipi'oxiiiuitcly), 
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Tfi — fO in., and F = 4S in. Here ii is the distance from source to 
silt and equals u* + v* for tlie vertical lens which is to focus the 
source on the slit horizontally. Since it is convenient to mn^ify 
an nrc or spark about four times on the slit, = 4u'; and since 
u' 4- h' = 50 in., u* — 10 in. and V = 40 in. Substituting agam in 
the lens equation, we have F\ the focal length of the fir.st cyliiificr, ns 
8 in. If quartz cylindrical lenses oi'C ii.sed, tlicy will servo without 
lengths shorter than 3500 A they may he refocusetl or different lenses 
may be used, but ordinarily one set of lenses will serve from i^OUO lo 
10,000 A, since the focusing on the collimiitor need be only approxi- 
mate. 

■ 

6,7. Illumination of the Slit by a Source Extended in Depth. 'I'lio 

inumination of the slit by a source of extended dejjth occurs in liiiititLii 
spectroscopy and in the use of such sources iis a hydrogen ilisc^luirge 
tube viewed end on. It is important to obtain the most cfVccLivc 
slit illuminatiou under these conditions, since the ratliaiicc of iiiiy 
particular section of such a source is iisiuilly low. This ])roblt*ni Imrt 
been considei'ed by Wood® and by Nielsen.^ 

Usually, so little absorption or scattering of the radiation by siu;- 

cessLve layers along the axis of the source occurs that a cfin sic lorn lilc 

depth of the source may be made to contribute to tlie ill iijii inn lion 

of the slit. If the end of the source is placed clo.se to the slit mid if 

the various sections are extended enough so that each nils the full 

aperture of the spec tioscope system with light, the available rndialioii 

will be used effectively. The length of the source is often so greiit in 

proportion to its width that layers some distance from the siil are 

not of SLifhcieiit area to fill the spectroscope aperture with liglil . 

Under such conditions, a condensing len.s may be used mid lln' 

optimiini conditions of illumination determined by trial. One .shoutcl 

start with a setup in which the farther end of the source is foc!iisctl on 

Hie slit and then move the condensing lens to bring various st'cliciu.s 

of the source into Focus until maxiinuiii brightness of the spet?lruiii 
is obtainctl. 

6.8. Ill umi nation ■' to Obtain Maximum Radiant Intensity or 
Total Radiant Rower in. the Spectral Image. It is often dcsir*d>le to 

obtain either (a) the greatest possible radiant intensity (i^idinnl 
power ]ier unit area) or (b) the greatest ]>ossil)lc radiant power in 
spt'f'tral image. These two requirements .should be distiiigiiiHlicci 

Pi. fiml, t*bifitic€f! Optica, New \«rk: TIio Tilaejiiilliiri C 'oiiipiin^', llVfl-I. 

^ J. M. XieNen, Jour. Opt. Soc. Am., 20, 701 (10;J(>); 37, *04 (1047). 
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clearly from each other, since they may be iiccoinplishccl in different 
ways. 

The need for maximum radiant intensity in the .spectral image 
occurs most frequently in spcctrogriiphy, and to a .somewhat more 
limited extent in photochemical and pliotobiological investigations by 
nieaus of monocliroinatic ra<lintion. In spccbrograpliy. the rcqiiii*c<1 
cxposiiretl time is an inver.se function of the radiant power per unit 
area incident upon the idiotographic plate. Obviously, intensity is 
what is wanted in tliis case, since the area of plate illuminated by a 
spec t ruin line is likely to be of secondary importance. If the re- 
ceptor is a photocell, on the other hand, iind if all of the incident beam 
is intercepted by the cell no matter what the optical arrangement, 
the radiant power rather than the intensity i.s of importance. In the 
first case it might be of advantage to use a camera lens of shorter 
focal length than the colUniator Icn.s, to reduce the area of each 
spectrum line and hence increase its intensity, whereas in the second 
case this lcn.s would merely incrca.se the difficulty of separating lines, 
the total radiant power for a given spectral range remaining the same. 

Four Factors tleterniinc the total radiant power available within a 
given wavelength range of the .spectral image: (1) the radiant power 
per unit .solid angle per unit projected area of the source, a factor 
known as the trier ad ianc}f : (3) the area of the source efYective in 

illuminating the spectrum; (fi) the solid angle of radiation from the 
.source effective in illinniiiating the spectrum; an<l (4) the trans- 
mission factor, /i, of the .spec trn.sco pic system as <leterniiiu‘<l by 
ahsorj)tinn and reflection losses, etc. These fjictor.s will be con- 
sidrec! in the above oi‘iU?r, 

For any y>articular wavelength, the limit to the brightness (radiant 
power j>cr unit .solid angle per unit area) of the spcelrnl image is 
dettM'iniiied by the steradiancy of the source at that wavelength. 
This limit arises from the fact lliaL it is impossible with any optical 
system to form tin image of ii .soiirc^e that is brighter, or of greatei 
steradiancy, than the source ilst^lF. 

be rises or mirrors may, of course, he iisctl to Porni oiilurge<l oi 
retliiced images of the source. The ratio of the urea of the image, aa 
to that of the object, «i, is the same, luiwever, as the ratios of the solit 
angles, £ 0-2 and coi, within which the radiation leaves the source ant 
enters the image. Thus if is les.s than ni, more radian I power jie 
unit area is delivered into the image lhaii is eollecleil from Ihe sourt;c 
hut this increa.setl power per unit area of the image is at-eotnpiiniei 
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by a proportionate increase in the aolid angle through which the 
radiation illuminates the image (see Fig. 0.0). Insofar ns geometrical 
considerations are concerned j the radiant power per unit area per 
unit solid angle entering the image therefore remains constAnt* niul 
no gain in briglitness or sterndiancy would be accomplished by form- 
ing a reduced image. In practice, some loss in steradiaiicy is tilwnya 
to be expected when an image is formed, os a result of reflection or 
absorption lasses in the image'-forining components. These con- 
siderations show that for the greatest brightness of the spectral image 
it is essential to select from otherwise suitable sources the one having 
highest steradiancy in the wavelength region of interest (sec Chap- 
ter 8). 

Once a source of the highest practicable steradiancy has been 
chosen, the next step in achieving maximum useful radiant power in 
the spectral image is to make use of cones of radiation, each of which 
will fill the entire aperture of the spectroscopic system, from ns large 



Fig. 6.9, To Illustrate that the steradiancy Is not increased by forming 

a reduced image of a source (see text). 

nn area of the source as feasible. The simplest case to coii.‘4i<lci' is 
one where the source is j^laced in juxtaposition to the slit, so Llnil the 
slit itself effectively acts os the primary source of railiution. 10 very 
point on an area of the source corresponding to the slit opening iivill 
then illuminate tJie entire aperture of the spectroscope system (pro- 
vided the source radiates through a sufficiently wide angle, which is 
usiinlly the ense). Gain in illuniination can then be achieved by 
widening tbe slit up to the point at which the slit width ctjiials the 
soui’ce width, but this gain is obtained at the expense of loss in 
spectral purity. In general, there will be sojne limiting slit wiciLb, 
determined by the required spectral purity, beyond which it is not 
feasible to go. 

If the source cannot be placed in juxtaposition to the slit, a con- 
densing lens or mirror may be used, as described in § 6.5, to foriiri iiii 
image of the source on the slit. If we assume that the slit has been 
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opened to the maximum width allowable, the greatest radiant power 
is then transmitted into the system when (u) the source image is just 
sudiciently large to cover the slit oi)ening and (b) the condensing Ions 
is large enough to fill the aperture of the spectroscope system with 
radiation. The proper focal length ami size of condensing lens may 
be computed na described previously. 

The fourth factor mentioned above, namely tlie transmission 
factor Bf is fixed by the choice of the spectroscopic system to be used 
and cannot be altered greatly by the method of illiiTiiination, 

6.D. Factors Governing the Radiant Power Transmission of a 
Spectroscopic System. In the preceding section, it was assumed that 
a particular spectroscopic system was to be used, and the illuinintition 
conditions necessary to transmit maximum radiant power into the 
spectral image were considcre<l. If some choice between spectro- 
scopic systems is possible or if a new system is to be designed, it may 
he of considerable importance to consider the factors that determine 
the total radiant power which can be trnnsmitte<l by various typos 
of spectroscopic systems under optimnin conditions of illumination. 

As is discussed in | 0.1®, for a given spectral imriLy the amount of 
radiant power that can be transmitted by any spectroseojilc system is 
dii'C‘ctly proportional to the product of the effective area of the dis- 
persing co]n])onent. A, the angular dispersion, dO/d'K^ and the trans- 
mission factor B (determined hy absorption and reflection losses, as 
stated in § 6.8), provkled the open area of the slit and the entire 
ai>erture of the system are filled with radiation. Thus, if dOUl\ niul 
B are constant, the radiant power transmission of a spectroscopic 
system can be increased roughly as the square of its linear ilimeiisious 
by scaling it up. Theoretically, a size can be reiujhcd, of conr.se, 
beyond which further inei'casc results in such larj^c slit openings and 
apertures that it is impracticable to fill these with light with usual 
.sources and condensing lenses, but such limits are seldom reached 
in practice. 

It is important to note again the difference between total riieliunt 
]jo\vor and intensity in the spectral image. For a spectros<!opic 
system of given transmission, the intensity of the spoctrnl 

image may be increased, within Innit.s, by concentrating the spectrum 
on a .smaller area through the use of a telescope of shorter Focal length 
tiinn the collimator. In a spectrograph for f)h olograph iiig weak 
.sources, this effect may be advantageous, but the extent to wbicb the 
ratio of telescope to collimator focal lengths cun bo decreased is limited 
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either (ft) by the smallness of the spectral ima^ which is acceptable or 
(b) by the maximum obtainable relative ai^ertiire of the telescope 
Before considering in greater detail the factors involved in the 
radiant power transmission of spectroscopic systems, the effect of 
slit width on spectral purity will be discussed. 

6.10. Sffect of Entrance Slit Width on Spectral Purity. In several 

types of photographic photometry, it is convenient to use a slit wide 



(a) (b) 

Fig. 0.10. Specfcrum-ihie contours, (a) 
For narrow slit, (b) For wide slit. 


width of the line image requires 


enough to produce a flat top on 
the widest spectrum line to bo 
measured. Figure 6.10 sliow.'S 

the contours of a spectruin-Ilno 
image, first with a narrow slit 
and then with a wide slit. If 
two lines arc to be compared in 
intensity, the marked varifttioii 
in intensity tlirmighoiit the 
careful measurement in tlie first 


case. Ill the second case, the flat-topped portion of each line contains 
a contribution from every part of its contour, and hence it .stngh' 


measurement on this flat-topped portion gives a value bhiit is |>ro- 


portionnl to tlie intensity of the line. Widening the slit so to 
obtain a flat -topped image results, of course, in some loss of olTccLivc 


resolving power, but this can iLsiiully be tolerated without serious 
diflSculty ill such applications as quantitative emission iinulysi.s. 

Slits wider than those which give optimum resolution must also In? 
used with many spectrometers and monochromiitors emjiloyecl for 
spectrophotometry, photochemical in ves Ligations, and similar ii.sc.s. 
In such applications, the transmission of large amoiiiita of riuliii-iiL 
power into tlie spectrum is often essential, and it is customary to list* 

entrance slit widths many times those required for maxim iim rcHti- 
liition. 


In mo.st Applications involving wide slits, the slit width lA .such 
that its image is many times the width of the central difirutrLion 
ninxhniim. Under these circumstances, the contributions of difTruc- 
tion to the slit image may be neglected, and it may he assuinecJ thuL 
the spectrum consists of optical images of the .slit formed according 
to the ordinary laws of geometrical optics. IP the plane of the spec*- 


* .\.'5 tlic ftHcn) Icnjiflb of the telescope is Hecrensw!, its ctiitinctcr inii^il l>c kept ctHiHUiiii 
if it is to fl.€TepL ihe full light beam from the collimator, aiu] thus its relative iiportiiiv 
must be incrca.^ed. 
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tnim is perpendicular to the axis from it to the collimiitor (that is, if 
no plate tilt is neccssiiiy), the size of the optical image is equal to 
that of the slit multiplied by the magniHciition of the optical system. 
This magnification equals F^/Fu where JS’ i anti are, respectively, the 
focal length of the collimator and telescope. Thus if w and w' arc, 
respectively, the width of the eutrance slit anti its image, and I and 
V are, respectively, the lengths of the slit anti slit image, then 


w 


w 


Fi 


(fl-fl) 


I' 


Fa 

F, 


(G-4) 


Or, since the alit area a aiul the image area a' are, respectively, equal 
to wl anti w*l\ 




( 6 , 5 ) 


If the si)ectral plane is apyireciahly inclined to the axis of the col- 
iiniator, the slit images will be broadened us a rcsidt, the broadening 
factor being equal to the cosecant of the angle of incltiiatioii. 

When a wide slit is used to form images of witlths uji*' and 
of two spectrum lines of wavelengths X] and Xs, the line images 
will just be separated in the spcctruin, without overlapping, when 

H- hwz = where a 2 is the distance between the po.sitions in 
the spectrum corresponding to Xi and Xa as observed with narrow slits 
corresponding to inaxiiiiiini rc.soliition. In instances such as a 
mercury-arc s]3ectruiii hi which the s]3ectriiin lines arc widely sep- 
arated in wavelength, cxcectlingly wide entrance slits may thercForh 
be emiiloyed without causing overlap «F the slit images, and this fact 
is (jfleu Tiiadc use of when moiiochromators are required to supply 
large amounts of nearly moiioehromti tie radiant jjower. 

If wide slits are used with a continuous spectrum, there will be an 


overlapping of .slit images cori'es])Oiiding to an appreciable range oi 
wavelengths at each yiosition in the si)ectriini. The simplest case if 
that in which the linear disper.sion is npproxinnitely iiidepoiideul of } 


and the syxictral plane i.s a]>proxiiiiitte1y peqjendiciihn* to the ray: 
from the telescope, as in the case of normal spectra Formed by tliffrac; 
tion gratings. The waveleiiglh interval, AX, in the speclriim croverec 


by a single slit image may then he cominited as ftjllows : If I he Jingiihi 


dispersion is dO/d\ and the focal length of the telesc'Oju' is Fa, th 
linear di.stance in the s]>cctriiin coi'i^sjionding to the waveleiigt 



136 ILLUMINiS^TION OF THIS SPKCTROSCOPIS 

difference AX is AX(d9/dXF)2. This value, however, also repi'CSCiUs 
the width, of the slit image. Hence 



1 A > n 

«> = 

(0.0) 

But from Eq. (0,3), id* = 

therefore 

' to{Fi/Fi)t where iff is 

the slit wicltlii iiitil 

w - 

,F, F, do 

’ " Fi~ ^ F2 d\ 


v> - 

„ do 

■ 

(6.T) 

AX 

W 

do 

(0.H) 

Within the width, v}\ 

of the slit image, there 

is therefore pnrtial 


overlapping of other slit images corresponding to ii range of wave- 
lengths SAX; for if Xm is the wavelength corresponding to the middle 
of the slit image, images W 2 and wa corresponding to wavelengths 

H- AX and X„, — AX will be displaced just sufficiently so its not In 
overlap the X« image at all. For intermediate wavelengths, tlioix? 
will be intermediate amounts of overlap of the corresponding iinagt‘>* 
with that due to Xn^* 

G.11- Bffect of Exit Slit. In monochromators, a iiortioJi of the 
spectrum is isolated by an exit slit so that this portion only pusses out 
of the system. If a line source is used and the entrance slit is ii«irr€>w 
enough so that the images of the lines do not overlap (sec § 0-10), the 
exit slit may be made the full size of the line image in the sj>ct!truin 
plane without passing radiation of other wavelengths except in.sofar 
as scattered radiation is concerned. As pointed out in §0.10, if « 
continuous source is used, there is always considerable overlapping of 
slit images corresponding to different wavelengths, provided tlu' 
eiitrniice slit is of appreciable width, and the radiation passing out <»r 
the exit slit will therefore always be somewhat impure no matter 
liow narrow the exit slit is made. 

The tjqio of spectral distribution curve to be expected in th<‘ 
rndintion From the exit slit when a continuous source is used may he 
tied need by extcmling the considerations of § 0,10. As in that 
section, it will be assunied that the spectrum is uniformly dispersod 
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and lies in n plane perpendicular to rays from the telescope. Let the 
width of the exit slit be E and that of the image of the entrance slit 
formed in the spectrum be w*. If these are cquah the exit slit will 
pass a range of wavelengths from 4 - AX to X™ — AX, where AX is 
tlie wavelengtli range covered by for w* is i>artlnlly overlapped 
by slit images corresponding bo wavelengths within this range, as 
explained in § 6.10. If the spcetnini is of constant intensity as a 
function of wavelength, the iiiteiisity-distribiitioii curve of radiation 
passing through the exit slit \vi{{ be a triangle rising from zero at 
Xi,, -|~ AX to a maximum ab Xm and falling to zero again at Xm — AX 
(Fig. 0.11)* The half -in tensity band width of the exit radi^ition is, 
accordingly, AX, and the full hand width is £AX. If the exit slit E is 
wider or narrower than the entrance slit image w^, let A'X represent 



Fig. 6.11. Intensity distribution curves for radiation tranamiUed by a mono- 
chromator with exit-silt and entrance-slit image (a) of equal width and (b) of 
different width. 


the wavelength interval covered in the spectrum hy the exit slit, 
and AX equal that covered by the entrance slit image, as above. The 
iiiLciisi by -distribution curve of the exit rnduiblon will then he a 
trapezoid with a flab top and aynnnctncally sloping sides (Fig. 6.1 Ih). 
The full band width of the exit riidiation will lie A^X AX, tlie half- 


intensity band width will bo the larger of the two values A'X and AX, 
ami the band width of the flat top will be j A'X — AX |, 

For a given half-in tensity band width, the maxim iiin radiant power 
is tran.smitted by n spectroscopic system when = i5. However, if 
an inten.sity-disbribiition curve with a broad flat top is desired, w* 
in list be considerably larger or smaller than K. 

More complicated cases, in which the dispersion is not linear, the 


intensity is not a constant function of wavelengtli, iiml so on, may 
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be analyzed by extensions of the above considerations, A further 
discussion of the effect of slit widths in using monoclirotrintors is 
given by Hogness ei al.^ and in General Ueference 6.3. 

6,12, Bixpression for Radiant Power Transmission of a Spectro- 
acoplc System. To obtain an expression for tlie radiant power tmns- 
missjon of a spectroscopic system, it may be assumed that sources are 
available for illuminating the system in such a way that the entire 
entrance slit and collimator aperture are filled with light> n-s de- 
scribed in § 0,8. Under these cii*cums bonces, the radiant power 
within a given wavelength range AX that enters the system is ccpnil 
to RA>kWltOt where jR^x is the steradinney (for example, in micrownlls 
per sterndion. per cm®) of the source image on the slit witliiii the 
wavelength range AX; to and I tire, respectively, the slit width aufi 
slit length; and is the solid angle (in steradions) subtended by 
the Collimator at the slit. The ainount of radiant of 

wavelength range AX transmitted through the system into the spcclrid 
image ia influenced by reflection and absorption losses, am! in some 
instances by vignetting of the beam by apertures farther along in Liu* 
system Ihon tbe collimator. If nil these factors are lunipcfl togt'tlier 
into a single fractional coeffieient 7?, then 


-Pax = (0*0) 

The solid angle oi is approximately where A ia the area of the 

collimator and Fi is its focal length. The width w of the ciitriiiiec 
.slit that coil be employed depends on tlie spectral purity desired. 
If AX is tlie wavelength interval in the sjicctriiui that it is jifrinissililc 
for the slit image to cover, then from Eq. (6,7), w = i{(i0/ d\) ^ 

where dX) is the angular dispersion of the system. Kurt hen n ore, 

the length of slit that it is feasible to use is approximately proportional 

to the focal length of the collimator, other factors being coiislii.iil. 

niid hence it is possible to write I — KFi^ whei*e K. is the allowable 

slit length per unit collimator focal length. We substitute 
viilue.s for te, and I in Eq, (6.9): 

= BR^^\KA ^ (a. 10 ) 


**• ""rf A- E. Sidwell. Jr.. Jour. Phy.i. Chem.. 41, S7« 
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Thus tile relative radiant power tninsmlssioii, 1\ of two spectro- 
scopic systems, assuming that AX, JRl, and lia,\ arc the aarae in the 
two instances, is 



( 6 . 11 ) 


The relative power transmission for given spectral purity depends 
only on the transmission factor H, the area A of the collimator (or of 
the dispersing component if tiiat is smaller), and the angular disper- 
sion dO/d\y provided the entrance slit and collimator arc tilled with 
light in all instances. 

Table 6.1 shows the relative power transmission of several typical 
spectroscopic systems as computed from Eq. (6.11). In determining 
the transmission factors B for the various instriimeixts, we have 
assumed that the transmission of each lens is 0.00 and of each prism 
0.8d, allowing both for reflection and absorption losses, and that a 
grating is used which sends 40 per cent of the incident light into the 
])arliciilar spectrnin order under considcrution. The values of IV in 
tlic tal)le arc btise<1 on unity for the small quartz .spectrograph, and 
it is iiHsumed that the dispersing eh urac tori sties of the quart?, used 
in the various prisms are the same in nil instances. 
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CHM’TKU 7 


Photography of the Spectrum 


The V/Vniouft iiiucions of tiik oi^tioal si>f]c:tiium can he observed 
and measured by one or more of four priiicipiil methods: plioto- 
gL'np1nc» thermoelectric, photoelectric, uml visual. OF tliC8C» the 
photographic method is by far the most important in emission spec- 
troscopy and is useful in inuiiy appUcatioiis of iibsor])tion spectros- 
copy. Photographing the spectrum, which can be done for all 
wavelengths shorter than 13,000 A, results in a permimcnt record 
that can he studied at leisure, lukI makes possible the simultaneous 
recording of all lines lying in broad regions of the speebrutn. . It can 
also he used to integrate over a period of time the light from a source 
of varying brightness. 

In this chapter we consider what may be termed ‘‘qualitative 
photography/' as distinguislie<l from (piaiititiibive photography, or 
photographic pholometrpy which will lie dis(;iis.sc(l iu <U*tail in Chiqj- 
tcr 13. To jirodiicc satisfactory spectrograms rccpiires some knowl- 
edge of tlie properties of photograpliic materials and the most 
satisfactory methods of handling them. 

The photographic emulsions most cMimtnonly uscrl in .spccLroscopii 
work are tliosc classed hy llie inaiiufaetiircrs as negative materials, 
since these are more sensitive to ligiit lluiii positive mater ials uik! 
have more useful response eharaclcrislitrs. A few ])osilive einiilsioiif 
such as cine positive liiive reeenlly <^<niie into wide use for spoctro 


diemiciil nimly.siH, howovor. Tlit' iiili'iwilies ordinm'ily involvcc 
ins|)ectpum jihotography are niiicli riiinlcM* I hnii ihost' used in portmi 
and Ifiiidsciijie ]ihotogra])hy, and exjiosiirt^ times inv likely to rangi 
from a few .seconds to .scvcphI Imurs. Speclnitn photography re 
cpiiros teehnkpics .slightly difVerent troin those used in ordiiiiir; 
photography. 

7.1. Photographic Plates and Films* Siiertrograins from whirl 

precise wavelength deteriniiui Lions niv to bt* made, or with wliici 


pernm lienee; and ease of lumdling lire tlesi ruble, uiv ordinarily mad 
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on photographic plates. These consist of moderately flat pieces of 
glass coated with n tliin layer of gelatin containing an emulsion of 
silver halide salts* Photographic hlms, which consist of a similar 
emulsion coated on thin sheets of cellulose jiitrate or acctatci are 
likely to be more uniform in sensitivity over their surface arcii than 
piates, and are thei*efai'c preferable for making pi'ccisc intensity 
measurements. Pilmsiiiay be used with spectrographs that produce 
a spectrum lying on a steeply curved focal surface to which glass 
plates could not easily be fitted without bi^eaking. Pilnis and plates 
each have their own advantages and disadv ant ages j and thoir selection 
in a particular case, apart from the considerations given abovCi is 
largely a matter of convenience in cutting and liandling. 

The negative photograpliic emulsion is a suspension in gelatin of 
& mixture of silver bromide with a little silver iodide which has been 
treated by removal of soluble salts and wliicli has been ripened by 
carefully adjusted processes to control the sizes of tlic mu I tit tide of 
silver halide crj^stnls that it contains. These cry.stals or “grains*^ 
vary from 5 ^ in diameter down to a size too small to be seen through 
a microscope^ a common diameter being 1 /i, ]V'Jo.st of the iiH<diil 
properties of the photographic emulsion depend on the .size and 
size distribution of these grains. The larger the grains, in genornU 
the more sensiti>’'e the emulsion. 

When a photogi'aphic emulsion is prepared in the dark and is then 
exposed to radiation containing wavelengths to which it is .sciisi tlve. 
a latent image is formed that can he made visilile by (levelopnicni. 
This latent photographic image consisLs of an nggrc^gation of grains 
of silver halide that have been altered, presiiniably in some photo- 
electric manner, by absorption of incident radiation. Development 
con.sists of treating the emulsion with eheni reals that reduce Lo 
fiietallic silver the silver salts in those grains whkdt have been affected 
by light, and do not affect those which liave not. The resulting 
clusters of developed silver grains darken the enujlsion Joeally. To 
make this darkening permanent on exposure of tlio whole plate to 
liglit, the unreduced silver halide is dissolved, after <leve]opinent, in a 
.siiitiihlc chemical solution, usually one of sncliiini thiosulphate (coin- 
nioiily callcfl ht/po). This process is known us Ji.vhi{/. Also hicor* 
j>oriiICMl in the fi.xcr solution is n hardening agent tliiit toughens Lhc 
g(diiliiL Jiiid makes it less sensitive to teiiiperiitiiit* chaiiges. After 
heiiig wtdl fixed, the cmiiksion is washed thoroughly Lo remove all 
‘eiiMi tiling hypo. 
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The modern pliotogi^iiphic emulsion makes use of cliemicnl iimplifi- 
caution, because development involves amplification quite iLtmlogous 
to that produced by vacuum tubes in electronic ampliBciition. 
Alaiiy pliotoclieinicnl processes are known in which absorption of 
lij'ht will produce a chniij'c in the color of the chcmicaLs iuvolvcdi but 
such 1 * 0110 tions are low in sensitivity, since the absorption of one 
quantum onlinarily does not change more thiiii one molecule. The 
]>hotogi’a])hic emulsion consists of chemicals .so arranged that the 
absor 7 >tioii of a few quanta of light will alter a whole grain of silver 
halide containing many billions of molecules. The energy that pro- 
duces a simple ]j1iotochcmicAl change comes from the incident light, 
wh.ercas that which alter.s a grain in the ])hotogi‘ii]>liic cm ills ion comes 
from the chemicals used in development, the incident light fiirni shing 
only enough energy to trigger off the reaction. Thus il photographic; 
plate or film can be made thousands of times more sensitive than 
blueprint paper or similar materials which record light and shade 
by .simple ]>hotoclicniLcal ]>roeesscs. 

The latent image, which is detected iiml made jjermiincnt by 
development, ])robably consists of minute particle.s of silver resulting 
from a change in the position.s of electrons in the crystal lattice of the 
grain. It is very stable; ]>liotographs have been successfully devel- 
oped years after exposure. 

7.2. Response of the Emulsion to Light. The degi’oe of blacken- 
ing of 11 given spot on a photographic emulsion i.s n.sinilly expressed in 
terms of iLs density d, a quantity closely proportional to the amount 
of metallic silver in a unit area of the image. Density is c;iisily deter- 
n lined by sending a beam of light through the iniiigc with a den- 
sitometer (§ 13. IS) anti measuring the Fraetion of thi-s light tluiL 
emerges on the o])posite side. Thtj ratio of the trausmittetl liglit to 
the incident light is culled the transmission T t>f the image. The 
re’cipro<!al of transmission is calletl the ojjacity O. Dcnisity is the 
logarithm of opacity to the base 10; thus 


d = log 10 (} = login «T 

A spot that LraiisiniLs one- tenth of the light stMit Lli rough it has a 
I ransniission of oiie-teiiLh or 10 per cent, an n]>iicily of lO* and il 

den.sitv of 1. 

■ 

'Pile u'tird blackenintj is soinetinics hwisely used For opacnly, for 
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density, or even for otiier functions of the tmiismission, but its com* 
moniy accepted definition is as ^fiven in § IS.l,?. 

The determination of the response of nil emulsion l.o light is known 

■ 

nS aensitometry , and this will be tlisciissed further in Chapter 13. 
Ordinary emulsions are found to respond as shown in Fig. 7.1, wliieh 
depicts the densities produced in a given plate hy various intcnsilies 
of light, when the time of exposure and the <lcveloptneiit conclk Lions 
were kept constant. A. simple S-s Imped curve of the type shown is 
characteristic,'^ though some emulsions show straight-line portions in 
the cen-ter which may be shorter or longer. Tiie curve rolaling 



Log^u Intensity ^ 

Fig. 7 . 1 . The chafefrt eristic curve of the photographic cniulstoa, rutvi 

sotnetimea cnllc<l t]ie Hurler ami Uriflu'lcJ nr "II it; D" furvr. .'j^hitws htiw |l 
density of Ibc developed image cliangcH w'llh liglil iiil('iisil,v wlit'ii expiksiirr liii 
ond development conditions arc kept ccuihLiiiiI. 

density to logic intensity is called the charavlrri^tfir r»rir tif I In* run’ 
sion under the conditions used. 

When qualitative considerations only nre invfilvcd, i( is iisiinl 
immaterial wdiether density is plotted against log / or h>g where t 
the time of exposure. For this renson it is customary plot di'iisj 
against log i3, where the cxposiirc, is / X t. Eillicr I lie iiilrns' 
or the time of exposure, whichever is most convcnicnl, can llu'ii 
varied, when determining characteristic curves like Fig. 7.1, Sii 

liino is more ensily varied than inteiisily, a liiiu* scidc is <'01111110: 

* F. Hurler atid V. C. Driflicld, Jour. Soe. Chrui. /ud., 0, l.M Msilll). 
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involved when log Ifj is plotted, but in quantitative j^liotometry it is 
usually essentia! to vary the intensity rather than the tiine. 

The approximate interchangeability of time autl intensity, dis- 
covered by Bunsen and Roscoc® in 1862, is known as the reciprocity 
lato. Although this law holds fairly accurntely for certain types oi 
cm LilsLons over a moderately broad range of exposure times* for most 
emulsions it is only approximate, ancl for very long or very short 
exposures to weak or strong light it is apt to be far from exact. Ex- 
posure to light of unit intensity for 10.000 seconds, or to light of 
intensity 10,000 for 1 second, is likely to give a lower density than 
exposure to light of intensity 100 for 100 seconds. This effect will 
he discussed further in Chapter 13. 

'iriic curve shown in Fig. 7 . 1 consists of an underexposure ^egi£>n^ or 

from A to li; a straight-line portion (which may he very short 
or even nonexistent), which is the so-c!alled normal expo nitre region, 
from B to O; and a “Hlu)iilder,’^ or overexfjosure region, fi^oin C to 2). 
licyond D the curve may begin to fall again, a pheiiomciion known 
as reverstd t>r HolarizaUtm, 


It is natural to su])])ohc that the most important characteristic of 
a phoLographic emulsion is its sensitivity to light. Closer examina- 
tion shows that tliis vague concept of sensitivity has only cpialitative 
nieaiilng and that an exact defitiitioii of sensitivity is best niaelo after 
coiLsid era Lion <)f contrast, S]>eed, and resolving power, which will be 
(liscaisscd individually. 


Oensily 

I 

LoQiq Inlensity 

Fig. 7.2. The contrast, or gamma, of the photographic emu Islon . 

7.3, Contrast. The contrast of a plate or lilm, itsuiilly written y, 

is defined as the tangent of the angle Q helweeu the straiglit-liuc iK)r- 

tioii op the eliaracteristic curve and the intensity axis. (FLg.7.2). 

>■ 

^ H. W. Biai.scn iirul 11. K. IIo.scog, Atm. Phi/.yik, lOS, 103 (1870). 
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The contract in an emulsion can be controlled when it is mndoi 
by controlling the distribution of groin size. Emulsions in which the 
grains are more nearly all of the same size have liiglier contrast than 
those in which the size variation is great. In emulsions of mecliiun 
type the contrast is usually near 1, the straight-line portion of the 
characteristic curve having a slope of 45 deg. In emulsions of very 
high contrast y may be as great as fl or 7, whereas in other emulsions 
it may be as low os 0.(5, An emulsion of extremely high contrast is 
selected when it is desired to make every port of the picture cither 
black or white, a condition seldom desired in spectrum photography. 
Use of an emulsion of low contrast gives a response varying only 
slightly with light intensity, and the resulting spectrogram docs not 
difEerentintc satisfactorily between weak and strong spectrum lines. 
Tile ref ore, emulsions of intermediate contrast are most used for 
spectrum photography. 

7,4. Speedy Inertlai and Latitude. The speed of an emulsion lifls 

been defined in various ways, but is usually related to the reciprocal 



Fig. 7,3, Cheracteiistlc curves (or typical emulsions of high, moderate, and low 

speeds. 

of the inertia (marked i in Fig. 7.S), which measures the distance 
between the intercept of the straight-line portion of the characteristic 
curve with the line of zero density, and the density axis, itfost speed 
ratings have been developed, however, by workers interested in tlie 
fields of commercial and artistic photography rather than spectrum 
spectrography, and hence they involve use of integrated siinlighL 
artificial light. For our present purpose it is sufficient to remember 
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that speed is an approximate measure of the ininlmiim amount of 
light required to produce n useful image. 

h'igure 7.3 shows characteristic curves for tyjjicnl emulsions of low, 
moderate, and higli speeds. Usually, high .speed is associated with 
low contrast, and low speed with high contrast. High speed arises 
from the presence of large grains in the emulsion. Since a wide 
variety of grain sizes usually results if very large grains are resent, 
conditions for producing low contrast often arise. 

Wo think of one emulsion as being more sensitive than another if 
it Avill produce a higher density from a given input of light, but it is 
Oh'S- ions From l*'ig. 7.3 that this concept is ambiguous. The high- 
speed emulsion is seen to be more sensitive to low intensities of lighb 
thn]i the others, whereas the low-spee<l emulsion is more sensitive to 
high ill tcn.si ties. The concept of sensitivity can be made more 
rigorous by specifying it in terms of some particular density, for 
exnni])lc, d = 1. Thus in Fig. 7,4, plotting against wavelength the 
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Fig. 7.4. Curves showing the energy required at various wavelengths to pro- 
duce B fixed emulsion density; curve density 1.7; curve density 1.0: curve 
density 0.3. 

energy required to ])ro(hice a given doTi.sity value, we show iiiv'cr.se 
re.sponse ciirvc.s for an ciniilsion at three density levels. The concept 
of .sensitivity is useful to indicate the varying response of an emulsion 
to light of different wavelengths. 

The distance along the log E axis sill >teii( led by the straight-line 
portion of the characteristic curve iiieasiire.s the “latitude’* of the 
plate. Strictly speaking, the latitude i.s defined ns tlie ratio of the 
exposure at the upper end of the straiglit portion of the characteristic 
curve to the exposure at the lower end. Usually, the thicker an 
emulsion the greater its latitude, and emulsions of low contrast have 
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greater latitude than those of high oontraat. In terms of spectrum 
photography this statement means that selection of an emulsion of 
too high contrast should be avoided if both weak mid strong siicc- 
trum lines are to be rendered in densities that are to be directly 
representative of the log of their intensities. 

Latitude depends not merely on the photogi'aphic material itself 
but also on the degree of development used and to some extent on 
subsequent handling of the plate. Together with speed and contTftSt> 
it varies greatly with the wavelength of the light to which the plate 
is exposed, 

7.5. Resolving Power and Graininess. A property of the photo- 
graphic emulsion iliat is most important to the spectrosoopist is 
resolving power. This property, which measures the ability of a 
plate to record separately lines that lie close together, depends to a 
considerable extent on granularity, which also seta a limit to the 
Useful magni:fication. to which a spectrum line can be aubjectecl. It a 
spectrograph produces two very fine spectrum lines whose intensity 
maxima are only O.OS mm apart, this high resolution can be realisw^l 

pJiotograpliicalJy only by use of a plate that Avill resolve 50 lines 
per millimeter. 

The resolving power of an. emulsion, ordinarily measured by photo- 
graphing R aeries of line gratings, is expressed in terms of the number 
per millimeter of blade and white lines of equal width which can be 

resolved under suitable magnification by visual observation of tlie 
emulsion, 

Pable 7.1 gives the resolving powers for white light of a number of 
typical emulsions manufactured by the Cast man ICodak Conipiiny . 

The resolving power of a photographic Tnntevial is controlled 
largely by the contrast of the emulsion and its turbidity. Turbidity* 
in turn, depends on the light absorption of the einiilsioii tind its 
scattering power. Resolving power depends greatly pii the density 
that the Image attains and is greatest for intermediate densities. 
Roth granularity and resolving power can be improved by using 
fine-grain developers. 

M^hen light iu hlie ultraviolet is photographed, the resolving power 
emulsion is found to be greater than at longer wavelengths. 
This effect results from the low penetration of the emulsiou by short 
waves, which are strongly absorbed by the silver halide, while wave- 
lengths shorter than So DO A are also absorbed by the gelatin. 

The Rastmnn ICodak Company has developed emulsions in which 
graininess has been almost eliminated, but these emulsions are very 
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slow* When plenty of light is available and a suitable optical system 
is used they can be made to resolve 500 lines per millimeter or more. 
The individxial grains can be seen only under a microscope of high 
resolving power, if at all. 

In selecting a plate or film on which to photograph the 
spectrum, one ordinarily decides first whether a Fast cmulsLon is 

needed, on' the basis of the light intensity available and the permis- 
sible time of exposure. If the problem is one of detecting very faint 
spectrum lines, high sensitivity ab low light intensities is needed, 
which suggests use of a fast plate. To reproduce both weak and 
. strong spectrum lines on the same spectrogram with correct indication 
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of their relative intensities, high liitibiulc and medium contrast are 
iieedcd. When a clean, elcivr huckgiTiund, Free from fog, witli cri.sj), 
sharp specLriiin lines is desired, a plate of liigh contrast is used. 
CliiLrnctcristie curves of emulsions siutccl for these three purposes itvc 
given in Fig. 7,5. 

Slow contrasty idatos show high resolving power. Such ])1iites arc 
of greatest value for use with spectrographs having low dispersion 
combined with high re.solving power, us is often the case in prism 
instrunients of short focus. The resolving power of a phoLogriiphic 
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plate should be approximately matched with that of the spectrograph 
in which it is to be used. 


7.6. Types of Plates and Filins. Most manufacturers of jjhoto- 
granhic materials produce plates and films covering a broad range oi 



LogiQ Exposure 

■ 

Fig. Characteristic curves of emtilaiona for different spectroscopic pur-^ 

poses. Curve 1 ia that of a fast emuLsioa (Kaatmaa X03-O); curve nn einulMion 
of medium, speed and high contrast (Kastman III— O); curve 3, high contraNl. 
fine-gmln emulsion (Eastmati IV— O). 


Speed, contrast, and resolving power. Thus at the spectroscopic 
level of intensity (taken ns 0,1 meter candles of sunlight) the Eastman 
!Kodnk Company type I— O plate has a speed of 23» and their Y—O 
plate a speed of 0,04. The respective contrast values are 1.3 and 4.5, 
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Fjg. 7.6. The qualitative variation of the sensitivity of the photographic 
emulsion through the spectrum. The exnct shape of thift curve depends on the 
density level at which the sensitivity is luenHured. 
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and the respective resolving powers arc 00 and 100 lines per milli- 
meter. 

7.7. Variation of Emulsion Characteristics with Wavelength. 
The nnsensitized photographic emulsion shows wide variations in 
sensitivity throughout the spectrum. Sensitivity becomes negligible 
at long wavelengths ranging from 4400 to 5200 A, depending on the 
composition of the silver halide iiseti. Sensitivity gradually increases 
toward shorter wavelengths^ 1 ‘eaching a maximum in the violet or 
near ultraviolet between 4100 and 3000 A, and then slowly falling ofF, 
ns shown in Fig. 7.6, to negligible values near 2000 A. The broad 
region of insensitivity between 2000 A and the X-ray I'ogion, where 
the ordinary emulsion again becomes sensitive, results from the 
absorption of light by the gelatin of the emulsion . 



2000 3000 4000 5000 

\ rn A 

Fig, 7.7, The variation of contrast of several spectrographlc emulsion types 
as a function of wavelength. Curve 1, Lypicnl a]c»w emulsion; raedium-apeed 
emulsion; 3 , fast emiilHion. 

The variation of sensitivity with wavelength is usually associated 
even more closely with variation in contrast than with variation in 
speed. Figure 7.7 shows how the contrasts of n number of different 
photographic emulsions vary with wavelength, and Fig. 7.8 shows 
th e variation in speed of the same enmilsions OA'^cr the .same wave- 
length region. Sensitivity at longer wavelengths can be greatly 
increased by adding .special dyes to the emulsion as explained in 
§ 7.15. At shorter wavelengths the Schumann type of emulsion can 
be used, or fluorescent substances can bo coated on an ordinary plate 

or film (§ lfl.7). 





photoghaphy of the spectrum 

7.8, storage and Handling of Photographic Materials. A photo - 

aphic latent image can be produced, not merely by exposing the 
iiilsion to light, X-raysj or high-speed subatomic particlesi but also 
applying preasure> heat, or certain chemical fumes such as am- 
monia. The emulsion deteriorates with age, and unexpoaecl plates 

are apt to appear darh on de- 
velopment, especially around the edges. The useful life of an iincx- 
posed plate can be extended by storing it on edge in n cool, dry place. 
If plates are stored flat* the weight of other plates may eventually 

pixMluce a latent image. Plates should never be stored where they 

or burnina cases. If tliey 


time 


chemicals 


be 


are stored in an electrical refrigerator, some provision shoiilfi 
made for prevention of spoilage by wetting should the power fail and 

the frost in the refrigerator melt. 


Fig. 7.8. 
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The variation of speed with wavelength for the emulsions of Fig- 



When possible, plates and films should be obtained in sizes that fit 
the spectrograph ic cassettes used, to avoid the necessity of cutting m 
the darkroom. Standard sizes obtainable for spectrogi'aphic worlc are 
li X 10 in., 2X7 in., S X 10 in., 2 X 20 in., 2} X 10 in., 4 X 10 iin. 
3l X in., Si X 18 in.. 4X5 in., 5X7 in., 8 X 10 in,, 50 X 3^0 
mm, and 05 X ISO mm. Special emulsions designed for spoctro' 
scopic use are ordinarily coated on glass, but can be obtained coated 
on film base on special order. 

The flatness of the glass on which photographic plates are coated 
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is of importance, because the sensitivity of the emulsion can be ex- 
pected to vary over the surface if its thickness varies. Glass plates 
are coated by spreading the liquid emulsion over them, chilling to set 
tJae gelatin, aiifl drying. Unless perfectly flat plates are usc<l, the 
emulsion will vary in thickness. 

For Rcciimte measurement of wavelengths in spectrographs in which 
plates must be bent to liigh curvature, special glass can be selected 
which is less than 1 mm in thickness, and plates can be obtained up 
to SS in. long coated on such glass. Even tliimier glass plates enn be 
obtained, but they are very fragile, 

Photographic plates arc usually packed in pairs, with the emulsion 
shies face to htcc. Plates keep better in this way than when the 
ciniiLsion side is exposed, but it is necessary to prevent adjacent 
surfaces of emulsion from rubbing together. For this reason each 
pair of ])lates is separated by thin sheets of cardboard at the edges 
and is then wriipi)e(l in black paper. The emulsion side of the plate 
can he determined in the darkroom by observing the diffuse reflection 
in the coated side of a safe light, or in total <liii‘kne.ss by applying the 
edge of the plate to the lips or tongue or biting it gently. 

When it is necessary to cut a plate into sni tiller sections, this can 
be done in the darkroom by providing a flat board with a rule held 
in the proper position by pins, so that drawing a ghiss cutter along 
the iineouted side of the plate will produce a sharp scratch. The 
]>hiLeK sliould be laid face down on a piece of ])aper placed on the 
board, and only a single cut shoiikl be made, the plate then being 
broken by pressure against the cilgc of the board. A sharp scratch 
rather Lliaii a deep one is what is waiitc<1, .since tlie object is not to cut 
the glass but merely to start the fracture by ti high coiicciitrabion of 
stresses. For this i)iirpose a sharp dianioiid point serves bc.sL. 

Films may be cut in thin bundles by using a large pai)cr cutter 
provided with a temjdate so that suitable widths can be .sclecbe<] in 
the thirk. A number of films can safely be wra]>j>efl together without 
separation if nob subjected to abrasion, hciit, or humidity. 

7.9. The Photographic Darkroom. The darkroom of a ajjectros- 
copy laborator^r merits coiisiclcrable attention. It shoiihl be c ou- 
st rue tc<] so that no external light will be admitted iiiilcs.s dcsireil. If 
possible, it should be arranged so that it ean be entered by means of 
a double door or light])roof maze. The former is simpler than the 
latter, and if provided with aii alarm bell that rings wliei] one of the 
doors is open, safer. The old-fashioned darkroom, with its walls 
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If ilhiininiitiort 


pleasing color. 


kllhl 


painted a depreasing black, ia out of data. If 

is nrovided. the walls may be painted light green, ercu , > 

When the room lighU arc on. ample light for 
d be available, and when they arc c 

enter the room from outside to be reflecteil from tii 

Ordinary plates or films can be developed iimlcr ii red liMhl. i nmi|4« 

this should be a safelight, since common red ineaiidcHCCiit liiinp K •* ^ 

often transmit light in the blue, Panchroniiitic 
sensitive plates must be developed either witli ii giccn an t > 
in total darkness. A good spectroscopiat usually prides hiiijw* <>■< 
developing all spectrum plates in total darkness as a miitlcr c> iJi 
An Eastman No. 1 red safelight can be used with ortliiinry 
such as Eastman 33 or type O, if it is desired to ol^sorvc develnpiii*"*'* " 
though it is more satisfactory to develop for a **"■**'« *4 1 Iiiik 


and olhfi* 4Nil4ir- 




siiflficiciit clrvrlopiiii'iil 

for 


tern pe rut urc 

observation — ■ — — i,..™ Iih?* 

taken place. Marions filters be obtii^inc^l fc^r iiiMc*rt itui iti lii'* 
safclights, and gpreen filters can be used with pimchroiiinlic eiiiulsif 
though total darkness is to be preferred. In developing hrninifl*" iii*** 
other papers, a muck greater amount of red light oiiii .sarcl,>' Ik- pt-r- 
mitterl than with negative materials, and under those <Tirt*nniHl iiiici's 
it is desirable to be able to watch develop men t, hijk'o it i>r4K*o4"i Is **** 
rapidly. The safelight can be tested by cxpoHing ii .soc'liou r*f I lu* 
emulsion to be developed under the light foi* twice as huig as il w<»iihi 
l>e exposed in development, and comparing it on dovolopiiuuil with 
UD unexposed portion. 

By adopting a definite routine procedure it is ciuilo easy to fiirry 
out the standard series of loading and developing opt*ralif>iiM in I hi* 

dark. A typical routine for loading & sped rogrtipli plalolitjlch'r is 

place it face down on a dry table, with a closed box ttC pliilcs un I In- 

^^Ith the back of the plnteholdcr open, turn olF t.iir liglils uikI 

uncover the box of plates, removing two plate.s in thcli* paper wmi*- 

ping. T^iike one of these plates, determine its einiir.si4)ii .side*, uiul 

place il in the plaleholder with this side down. Ii»iiiie4iialt*ly wrrip 

the remaining plate ^arefully in its black paper, rciiisorl. it in iJit* lifix, 
ami close the box. " 


Then close the plateholder, turn on the lighls, jiiiiJ 


■ f 


loufl^ Iht. spectrograph. This procedure eliminate.^ IIh> <lfiiigc*r 

turning on the tlarkroom lights to find an open box of plato.s I Iii|J! 

4 jis])osal. 


^^hcn po.ssibIe. it i.s desirable to provide a ^‘dry” dark ror>rrj 


II. M 
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well as a “wet” darkroom. Plates should lie stored in the dry clark- 
room, and printing and enlarging equipment can also l^c installed 
there, thus removing it from the corrosive action of chemicals that 
may be spilled in the wet darkroom during development or Bxing. 
An enlarger, properly modified to take long spcctrogi'ams, is very 
convenient for making reproductions of spectra. Large spectrum 
prints are usually made on glossy bromide paper, and contact prints 
on ordinary glossy positive paper. Wlien it is vei*y important to 
avoid any uneven shrinkage of the print during copying, special types 
of photographic paper can be obtained, sucli as lilastinna Aeromapping 
paper or Agfa Mapping Special, in which shrinkage has been greatly 

reduced. 

7,10. Development and Processing, After exposure, the spec- 
trum plates or films are developed, fixed, washed, and dried. Tray 
<levelopment is ordinarily used for spectrograms. The tray should be 
tin inch or two longer than the longest plate to be developed in it, and 
not much wider than a single plate. It may be necessary to build 
.special trnys to fit plates longer than 10 in. Fresli developer should 
Ije used for each important hatch of plates, the plate.s being placed in 
the bottom of the tray, emulsion side up, and the developer being 
poured gently over them, the tray then being rocked from end to end 
to remove air bubbles on the surfaces of the plates. The developer 
shoiilcl have previously been brought to the correct temperature, n.s 
measured with n thermometer, and a time clock should be set to give 
iin alarm at the end of the selected development period. Provision 
should be made for cooling the water to be mixed with the developer 
in warm weather, since the temperature of the developer must be 
carefully controlled, and the washing water shoiihl not he much 
warmer than 65° F to avoid peeling oy reticula tion of the emulsion. 

Spectrograph ic films arc not quite so simple bo Imiidle in develop- 
ment and processing us arc plates, and TiianuFacturcr.s oF spGctrogi'a]>bH 
that require use of films ordinarily furnish holding devices or specinl 
developing tanks with these ns part of the proces.4ing equipment. 

When quantitative spccbroclieinical analysis nnci other work in- 
volving photographic plio tome try is carried on, it is customary to 
brush the surface of the emulsion gently back and forth with ii 
Crtiners-hair bru.sh to bring fresh developer constoiitly in con Inc t with 
the emulsion and thus reduce the Ebcrhard effect (§ 7,13). 

When the development penod is concluded, the plate is rcmovcfl 
from the developer, is held by its edges aiifl dipped once or twice in 
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tlie rinsing v^fiter (and if desired in a sliort-stop solution), and tlicn is 
deposited emulsion side up in tlie fixing bath. After it has been in 
the hypo for a minute or two, tlie lights can be turned on, but the ])Iatc 
should remain in the fixing bath for at least 10 minutes after the last 
trace of unexposed emulsion lins cleared. With fresh hypo tJiis slioiiliL 
require immersion of not more than 15 min. Hypo that has become 
foamy and does not clear up the plate witliin 20 min should be i“c- 
placed, but until this loaming occurs the hypo can be used for many 
batches of plates. 

After a plate has been fixed it should be washed in running water. 
This water should not, liowever, be allowed to fall on it directly. 
Fresli water should well up around the surface of the plate in a trny 
for at least half an hour; then the plate sliould be “stripped*’ and 
placed in a rack for dryings 

Sifipping consists of holding the plate under the viiniiing tap and 
carefully rubbing it on both sides with the palm of the hand, or with 
a tuft of moistened cotton, to remove the hlaom^ a filmy layer deposited 
on it from the tap water. Hemaiuing di*opIcts of water should then, 
be removed by careful shaking, and the plate should be rin.scd on 
both sides with distilled water and stood in n cool place to <lry slowly. 
When extreme speed is necessary, plates may be measured in the 
densitometer while Avet, but this is usually inconvenient. 

AVlien speed is of the gi’entest importance, the plate may bo flriod 
in front of a fan or over a heater, but this should be done carefully. 

preliminary rinsing in alcohol to remove some of the surface watei' 
and speed up drying is undesirable. When alcohol is used, the plate 
should he immersed in it for from 3 to 5 min. Tlie plate will then dry 
in 15 sec in a rapid current of air. However, for most spct?trogi'ains 
it is desirable to use slow drying in a good circulation of drj^ fhist-frce 
air at 75 to 90®F to get uniformity of results. After drying in rnclss, 
in the case of platea, or when hung from clips on a stretched wire, in 
the case of films, the spectrograms are ready for marking and storiaig 
in individual envelopes. 

It is especially important that the darkroom be so arranged that 
liypo will not spatter into the developer tank or get onto the table on 
which plates are cut and plateholders are loaded, since hypo dust will 
produce black marks on the emulsion. Hypo in tlie develojicr is 
much more serious than developer in the hypo, though the jilatcs 
should be carefully rinsed between development and fixing. The 
developing and fixing trays should be so po.sitioned that they can 
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readily be located in the dark, to avoid the mistake sometimes made 
of depositing a spectrogram first in the hypo bath. Since the develop- 
ing and fixing processes shoxdd be kept rigidly 5C]}nrated, it is common 
procedure to provide a sink with a dcvcloijing tmy on one side and a 
fixing tray on the other, with washing anti rinsing trays between. 

The shelves and fioor of the darkroom, as well as its waHs, should 
be kept scrupulously clean, especially from spilled hypo, and the 
operator should be able to rinse his liiiiids cpiickly and dry them on a 
towel before he touches anything after his hands have been in the 
hypo ba th . 

7.11. Developers. A standard developer consists of a solution of 
chemical agents, the most important of which is designed to reduce 
to metallic silver the silver halide in the latent image. Common 
developers are amidol, inetol or don, ])yroga]liG acid^ rodiiiol, and 
liydraquinonc. In addition, the developer solution contains nii 
accelerator such as sodium carbonate or sodium hydroxide, a pre- 
servative such as sodium sulfite or bisulfite, and a rcstraincr, u.suAny 
potassium bromide. The purpose of this restraiiier is to minimize 
the development of grains whicli have not been exposed to light. 

Probably the most satisfactory type of developer for routine spec- 
troscopic purposes is one that can be kcjjt mixed in large ciiiantitics, 
so til at all the user need do is to dilute it with water just before use. 
Otliition is desirable, especially in warm weather, so that the tem- 
perature of the diluting water can be cho.scn to give the pro]3cr final 
tem]>cratiire of the developer after pouring into the tray. A ty]>iciLl 
developer of this variety is given in Table 7.9-. This can bo mixed 
in Ini'gc quantities but should he kept in stoppered bottles, since 
contact \vith the air will oxidize and darken it. In large laburatorica 
developer is often mixed in 10-gal lots, .stored in i5-gal bottles, and 
when one of these is o])ened gallon jug.s arc filled From it. These, in 
turn, are used as needed to fill 8-oz bottles, which can be mixed on 
11 se with 8-oz bottles of water of the proper tcnifierature. When 
three or four spectrograms arc to be tleveloped at the same time, a 
.single batch of developer will suffice, hut developer should not 1)C 
re-iiRod after it has stood in the tray for a few hours. 

When only an occasional plate is to be developed, the standanl 
commercial M-Q tubes, a metol-quinone developer, will be found 
useful. 

jN'Lost eomniercial boxes of ])latcs or films contain maniiPacturers* 
foi'iniila.s for <levelopers recommended for use with the plates. IMaiiy 
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formiilaa require that the various solutions be made up in two or 
three separate parts, which are mixed just prior to use. 

For some spectrographic purposes, particulai'ly in liigli-aixscci 
quantitative analysis, rapid development is needed. Under these 
clreumstanoes it may be worth while to use a two-batli deveioi^er in 
which the degree of development can be more carefully controlled. 
Nebiette* gives such n developer, said to produce satisfactory results 
in 10 sec, which consists of a 6 per cent solution of hydroquinonc wilii 
fi per cent sodium sulfite, followed by a 30 per cent solution of ] 3 otiis- 
sium hydroxide. Tlie plates are immersed for S sec in the fii'St bntu 
and ® see in the second bath at a temperature of 80®F. Nebletto also 
gives a high-speed de^^eloper which acts within 30 sec to 1 min.'* 

TA15LK T.^i 

DErBLoJPEK wiTir Good Kkeu^ixo PttopK«TiisH* 

Distilled water in liters 

Eloii (or metol) 14 ffranis 

.Sodium sulphite g^rmns 

HydroqmnoDo grams 

Potassium bromide, . l-IO grains 

Sodium carbonate grains 

* This developer can be mised in large quantities and kept 
in stoppered bottles for a number of iiiuiillis. When it 

should be diluted with two parts of water to one of developer. 

Develop in trays for almut 5 min at in'* C. 

High-speed development or proce.ssing of tiny kind is uinlcsirable 
uidess speed is more important than uniformity, since results %vill be 
more precise and more uniform if processing is allowed to proccci* 
at a normal rate. 

*7.12. Common Befects in Spectrum Photographs. A bcKi»in*r 

who is sent into n darkroom to develop a spectrogram is likely Vo 
einorge wdtii a sorry-lookijig product. However, after a few hours «i 
exjierienee and wdth very little conscious change in procedures, be 
will produce acceptable spectrograms that are clear, uiiinarretl, itrijl 
free from fog and dirt. That this change takes place so riipid],'^" 
emphasizes the great effect of small variations in procedure, 
inon experiences of the beginner range from putting his carefully 
taken expo.sures into the hypo instead of the developer, loading ibv 
plnteholder backwartl, or leaving the box of plates open after removing 

® C. 11. Neblelte. General Reference 7.1. page J40. 

^ C. 11. Nehlette. General Uefcrencjc 7.1, page 340. 
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one for loading, to manipulations that lead to scratching, frilling, and 
reticulation of the emulsion. 

Specks and dark streaks across the plate arc likely to have been 
caused by particles of hypo coming in contact with the emulsion 
either before or dtiring development. X^'inger prints, scratches, and 
abrasions can be reduced if a plate or film is held by its edges. Blisters 
are usually caused by the separation of the eTniilsion from t-lie glass 
backing under the pressure of water falling directly against the 
emulsion, llcticulation, or drying of the emulsion in irregular ridges, 
results when the wash water is too warm or the hardener affects only 
the surface of the emulsion; thus frilling and reticulation result when 
thci*e is insufficient hardener in tlie hypo bath. Transparent spots 
are usually produced by air bubbles or grease on the surface of the 
emulsion that keep the developer from coming in contact with it. 

Insufficient development gives a spectrogram that lacks contrast, 
c^'cii the densest lines liaving a gray look rather than apx>earing black. 
A similar effect can be produced by underexposure, and experience is 
needed to differentiate between the two causes. 

X'^ogging, one of the most common defects in spectrum plates, should 
bo particularly watched for in spec t roc hem icnl quantitative analysis 
find photographic photometry. Fogging is produced by a deposit of 
«lcvolopable silver grains in addition to tho.He that arc included in 
the latent image. Fogging arises from various causes^ iind some 
experience is needed to distingiii.sh among them. Olicmical fog is 
ordinarily quite uniform over the surface of the pliLte. It may be 
Cftu.scd by im])roper development or by improperly mixed or spoilc<l 
developer. The spoilage is usually from contact with metal. How- 
ever, general fog all over the plate may l>e caused by exposure to 
light, cither through use of too strong a siifclighb during devctoi>mcnt 
or through a leak in the plate box, spectrograph, or darkroom. Plates 
that have been exposed to fairly high tempera tiirc.s hccoinc foggeci 
very readily, and may even fog spontaneously. Fog caused by light 
1cak.s can usually be <lctccted if it occurs during exposure or during 
the time the ]>latc whs in the platcholdcr, because it appears strongest 
near one edge of the plate or in one corner. Fast plates are in general 
more siisecptihle to fog than slow plates, an<l ii good contrasty plate 
makes a much cleaver anti Jin cr-appeu ring spectrogram. 

■ Jn spectro.scopic work the finished picture is usually a negative, and 
the most important coii.sidcrabion is not the accurate rendition of tone 
values in a positive print to be made from it, but rather the deter- 
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mination of tlie positions of spectrum lines, and of their densities. 
Secondary considerations are high resolving power to separate close 
lines, freedom from fog to increase the accuracy of photometry, 
sensitivity to weak light so as to bring up faint apectriiin lines, ami 
large latitude so as to make possible the recording of both weak nnd 
strong lines on the same plate. For tiiis last i>urpo,sc it is dcsiralile 
that the emulsion reach a high density before the contrast falls to a 
value too low to be useful. 

7,13, The Bberhard Effect. During the development process, 
soluble bromide is formed along with the reduction to silver of tlic 
silver bromide in the emulsion., so that the concentration of bromide 
in the developer increases with use. In parts of the emulsion where a 
particularly dcn.se latent image is being tleveloped, there may be a 
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Fig. 7.Q. The Fberhard effect in spectra. Curve .‘i, ificiiMiirt‘<[ iU*iisjt3' ia Die 
ciintour of n strong line; curve li , true dcu-sity in the ii]>muiu:c uf the ElicHnird 

effect. 

high concentration of bromide, which weakens llie developer uml 
accelerates the restraining process, causing the so-called lihcrhai'd 
effect. This effect is of particular importance in ([iiantitative sp<H> 
trocheinical analysis or other processes involving accurate jdioLo- 
graphic photometry. 

The Kbcrhard effect reduces the density in the center of dense 
spectrum lines and decreases the background density iu the Jicighbnr- 
liood of strong lines, as illustrated in Pig. 7.0. The effect can be 
avoided to a considerable extent by constant brushing'* of the eiiiiilsioii 
surface during development. Motion of the developer ]>y rocking the 
plate or streaming developer across the emul.sioii surface ordiiiiirily 
will not reduce the effect, since it is produced in an extremely thin 


> W. Clark. Phot. Jour., 70 (l»i5). 
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layer of developer that clings to the surface of the emulsion. Some 
developers are worse offenders than others in this regard* 

7.14. Halation and Spreading. ITnhition, an effect commonly 
noticed with spectrum lines that have been greatly ovcrexposedi 
arises from the penetration of light through the emulsion to the glass 
backing of the plate from which it is reflected and returned back 
through the emulsion, ciiiising a ring to appear around a dark spot or 
a rectangle to appear around a line. Ilalation eGfccts are usually 
more marked in plates than in films, since iii a film the small thickness 
of the celluloid causes the reflected light to be thrown back directly 
on the main image. Formerly some plates were painted black on the 
glass side to reduce halation* Many plates arc now backedi the 
backing being designed to absorb the radiation to which the plate is 
sensitive, and to be bleached in ordinary processing* Colored dyes 
on the side of the emulsion next to the glass or film support are also 
used as antihalation backings. When necessary, halation can be 
reduced by using a complex developer formula and relatively short 
development, which confines the image largely to the upper layers 
of the emulsion* 


Spreading is another ydiobographic plicnonienon that is iinyjortant 
in spectroscopy. The image on. a photographic plate will not be 
confined entirely to the area on which the light strikes, because of 
haliLtion and irradiation from light scattered in the emulsion so that it 
strikes grains wliicli otherwise would not he exposed. Spreading and 
lialiition both reduce the resolving power of nn emulsion and may be 
of gi*etit importance when intense close spectrum lines are studied, 
since these will be greatly broadened by these effects. To obtain the 
highest resolving power with a plate it 'is therefore useful to try 
.surface development. In the ultraviolet region, surface cx] 3 osui*c 
accomplishes the same elfcet, on accoimt of the decreased penetration 
of the emulsion by the shorter waves. 

7.15. Photography of Various Regions of the Spectrum. Un- 
.sensitized photographic plates or films can be used satisfactorily only 
in the range 2®00-5000 A. At longer wavelengths it is necc.ssary to 
use optically sciisitiKCcl eimilsious. A gi*eat number of S])ccinl <lycs 
have been made for this purpose, providing sensitization as far as 
13,000 A. By proper choice of these flye.s .sensitivities ranging from 
50-100 per cent of the sen.sitivity in the blue may be obtained any- 


where in the visible spectrum. Sciisitizatioii.s for the infrarcil arc 
weaker, the effective sensitivity generally becoming progressively less 
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Tvitb increasing wavelengtli. The plates sensitized for the infraretl 
are generally improved by hyperaensitizing by bntliing with water or 
ammonia sliortly before use, A discussion of the chemistry and 

application of these dyes is given by jVlces.^ 

Contrastj and in some cases sensitivity, of ordinary emulsions can 
be improved in the region iZ500 to ®000 A by coating the emulsion 
with a fluorescent material, such as n mineral oil or one of n number 


of substances developed for the purpose.^ Ordinary emulsions can 
be sensitized to wavelengths os short os ®00 A by similar methods. 
Ultraviolet sensitizing solution can bo obtained fmm the Kastman 
Kodak Company, who also furnish plates especially sensitized 
short-wave ultraviolet. Ilford, Ltd., of London manufactures^ Q 
plates that also have excellent characteristics in this region, bwn- 
mnnn emulsions, almost free from gelatin, can also bo used, 
problem of ultra-short-wave photography is discussed further iii 


The 


Chapter 10. 

7.16. Selection of Spectrally Sensitive Emulsions 


The sensitiv- 


ity of an emulsion in various spectral regions can be qualitatively 
determined by so-called wedge spectrograms, which arc made by 
placing an absorbing optical wedge in front of the slit of a stigiiintic 
spectrograph, thus subjecting a plate to a regular variation in illu- 
mination from a continuous source, from top to bottom. Typicjd 
wedge spectrograms, obtained for emulsions manufactured by the 
Eastman Kodak Company, are shown in Fig. 7.10. Approxiinalc 
wavelengths in angstroms divided by 100 are marked on the spocii*o- 


grams horizontally, and the height of the light portion at any wave- 
length gives a qualitative indication of the relative sensitivity nf the 
emulsion at that wavelen^li. Since such spectrograms are lurnosl 
always made wdth glass apparatus, and with incaiiflesceiit lainpM 
light sources, wavelengths shorter than about 3800 A are not iililiJM.'<li 
and the hidication of relative sensitivity nt wavelengths less than 
4o00 A is poor and should be taken as only approximate. Tlie oinul- 
sion retains much of its sensitivity from 4200 to 2300 A with nInjosL 
all dj^es. 


^ C. E. rC. Moes, General Hc/crence 7.2, pngc DOS el ^cq. 

^ J. Uiiclt^nx and P- Jcantcl, Sour, tie Phffs. et te Hadium^ 2, 1.50 (1021). 

G. It. IJarrisan, Joitr. Opi. hoe. Am.y 11, IIS (1025). 

tr. It. llnfriMin nnti P. A. Tjcichlon, Jour. Opt, Soe, .-Im., 20, Sl!l (lUilO); Phyti> 
36 , 770 ( 1030 >. 

tienera) Uefcrcncc 7.fi. Stii efl.. page 21, 
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The Kastman ICodak Company in niin fact arcs platos sensitive to 
the various regions of the spectrum, ns shown in Table 7.3. ITroin 
such a table it is possible to choose a suitnl)le emulsion for photo- 
graphing any desired spectral region at high dispersion. For use in 
low-dispersion instruments the L type of sensitization covers the 
entire range from DOOO to 2000 A, but it hns rather low sensitivity, 

Each of the sensitizations listed i.s assailable in various cmiiLsioii 
types, having high, medium, and low sensitivity and medium, higli^ 
and very high contrast. The selection of suitable emulsions for a 
given purpose can be greatly facilitated by consulting tlie appropriate 



Fiff. 7.10. Wedge spectrograms for several spectrograph Ic emulsions, ('ll) 

Kant inn II grccii-senHiLizcd emulsion G. (b) lOo.iLinan PancliromriLic emulsion 11. 
(c) I'.nsLiiinii c.vLretnc-rccl-.iciisiLiKcd cinulxiiHi X. (CoiirLcsy Ea>slinn]i Kodak 
CToinpiitiy, Iloclicslcr. New York.) 


KaHtinan Kodak Company piiblication (Cjcncrtil Reference 7.5) nnd 

siinilitr publications of other inaniifacturcrs. 

l\To.st of the dyes now used for scn.sitizatioii up to 10,000 \ arc quite 
stiiblc, but all plate.s sensitized for the iiifrnrcd should bo kept in a 
refrigerator as much of the time ns is possihlc. Plate.s that have liecn 
stored tliu.s should be removed some hours before use so that they will 
reach room temperature before exposure; in tlii.s way, surface con- 
clensiLlion of moisture will be avoided. 
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iis&cl 


engt!)$,^ Sensitivity can be increased by bathing the plates for oj» 
zninute in a 4 per cent solution of 28 per ceiit aininonia /it ft 
cure of j 55 J? or less. The plates should then be dried ns rapully ns 
possible in air TvOiich is dust*free» and used almost immediately.. 

Hyperaeusitiaecll Tjlates can ht* lcpir*f Prt.’i' aA ^ r <3' i»o 1 wr>i\ Ira ill n i-of 


enn bd 


TABLE 7.S 


Aptroxiwatb llA^’Ofia or SsarMTiviTY ok EAarMAir Srj)CTJto8COJ*ia 

Pl.ATliS 



Plato type 



Short \* 


Long X* 


O 

J 

H 

Q 

T 

D 

B 

C 

E 

P 

V 

K 

n 

L 

P 

M 

Z 


2,000 

4.00Q 

4,QQ0 

4.000 

5.500 

4.000 

4.600 

4.600 

5.000 

4.500 

5.000 

6.000 
7,900 
7,400 
2,000 
8.200 
8,000 

10,000 


A 



5,200 A 

5.300 

^,000 

0,000 

0,200 

0,200 

0,000 

<3v800 

0.000 

0,000 

7,000 

d.OfM) 

7. DIM) 
8,5D0 
8.000 
0.200 
10,004) 
12,000 


* AM emalsioos show 


some senailivily in the sensitivity range 2000-5000 A 


done just before tlie plates are used. It ia very 
ftCcuraSy ^ temperature of the sensitizing bath be coatrollerl 

have available a light-tight box in whieli son- 

Pw* ^roin a fan. 

Kodak Company recommends that the clevelopci 

^ f hsted in Table 7 A be used with EastxriAn spec* 

aensitiv^^ f particular value with infrfiret' 

aensitne nlates. Tb,« availM^ in Dreoared form anti 


can be used witliout dilution 
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Quantitative control and use of the photographic emulsion ore dis- 
cussed ill Chapter 13. 


I 


TABLB 7.4 

Kodak DKVEF.opiiri I)-1D 
(For cMiiitriiKl o]i spectroscopic pIntos) 



* Dissolve tlie dieiniculf! in Llic orilcr given. Use without 
dilution. Avenigc lime of ilcvulopmcnt is iiboiit S min iit 

F C). 



7.1i C. U, NeblolLc, Pluiingmpkf^: Priuripien and PraclicCt 4th wL Nw 

York: 1). Van Noslruiul Comiuiiiy, Inc., IftK. 

7.2. C. E. K. Mw‘s, The Thvory of tlie Phdtjgrapfiir Proccsif, New York: 

Tlic Macniilluii Ct)mpRii.Vi 104®- 

7.15, K. Ihniiiey nod JJ. Dudley (Eds.), Uai^dbtmk of Phohgrapky, New Y4irk: 

Alc(hinv-llill Dook Company, Lie., 1030. 

7,4. A. C, Hardy and F. Perrin, The Prinvijilvit of Oplii'n. New York: 

MeCraw-IIill Btuik Company, Lie., 103^2. 

7.;), Pholographic Ptales for Ihe in Sprdmvopy ami Atifromm}!, various 

(uliLioii.'i. lloeliesLer, N. Y.; Eiisliiian Kodak Co„ 1033-11)48. 
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Light Soui’ces for Sx^ectroscopy 


Light soujicjss, or fitotmcEs of uadiakt bnbrgy, may 1 >g classified 
according to (a) the method used for exciting raclintioni fb) the type 
o spectrum emitted., or (c) the spectral region to which the 80111*00 is 
best adapted (infrared, visible, ultraviolet, or extreme ultra violet) ► 

11 terms of method of excitationi there are four principal categories 
o sources; (1) iJtertnal (2) arc sources, (3} tlischo/rgc 

and (4) spark aotirees (see General Keference 8,3). Thermal rndiutors 
emit radiation as n result of heating of the radiating surfiicc, as when n 
current of electricity heats a metal hiament to incaiitlescejice. Arc 
sources emit radiation as a result of the maiutemiiice of a com- 
paratively low-voltnge ionic electrical discharge between suitable 
e ectrodes, under conditions in wJiicli the material of the electrodes is 
6"^ npomted into the arc stream and provides a large proportion of the 
cone ucting and radiation-emitting ions. Discharge- tube sources also 
ctnit mdiation as the residt of the maintenance of an ionic discliarge, 
ut t^ e soiu*ce of the ions is a gas at low pressure in an ejiclosc<l 
^ntauicTj Evnd little^ if any, electrode material passes into the ion 

ft ream. Spark sources emit radiation as a result of compftritti^''cly 

' *^^-**^^ disruptive discharges between suitable electrodes^ 

* notion betii'Teeii arc, spark, and discharge excitation is 

o eii oily approximate. Thus, many carbon ares depend for their 
emiasion primarily on the heating of the tips of the carbons to iiicfin- 
^ escence as a result of bombardment by the ion stream. Again, when 

~i operated at progressively higher current densities, 

partake more and more of the characteristics of ares, 
n af ition to the four principal categories mentioned, there are 
certain other methods of excitation, such as bombardment by 

t ore rajs or excitation of fluorescence or resonance radiation, 

aometime.s useful in, speetposeopy. 

respect to the type of spectrum emitted, sources are eon- 
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voiliently classified into three categories [iceonling to whether they 
yield coniinuo^iSi Hnet or hand spcctm (Fig. 1.5). This distinction is, 
again> somewhat arbitrary. Continuous spectra often have lines 
superimposed upon them, and line or band spectra often exhibit uii 
ai>precia.blc continuous background. This result is to be ex])ectcd, 
sinre. ill general, continuous spectra arise from thermal radiation or 

I 

nonqiiaiitizcd atomic or molecular-energy transitions (dissociation 
spectra, for example), line spectra arise from atomic-energy transi- 
tions, whereas banc] spectra arise from molecular-energy transitions; 
and all these emission mechanisms coexist to some extent in almost 
every source (sec Chapters 10 and 11). 

Classification of sources according to the spectral region to which 
they are best adajitcd in likewise arbitrary to some extent, but is 
useful in the choice of sources for special applications. Sources for 
the infrared are discussed in Chapter 17 anti for the V4icuum ultm- 
vioJet in Chapter 11). 

GENERAL CHAIIACTICUISTICS OF SOURCES 

8.1, Spectral Energy distribution. Tii dioosing n source for a 

particular application, it i.s desirable to select one that emits radiant 
energy ]>redominciit1y in the spectral region to be explored. This 
selection i.s frequently clifilciilt to achieve in practice For example, 
inctuide.sccnt lamps are excellent sources for many applications in the 
visil)le region, yet they radiate more total energy in the infrared than 
in the visible. The greater the atomic or molecular energy transi- 
tions involved in the excitation, the shorter the wavelength region in 
which the rucliaiit energy may be cxi^neted to preclominate (see 
Chapter 10). Thus thermal-emission sources arc mainly useful for 
the infrared and visible region.s, arc.s for the visible and near ultra- 
violet, and discharge tubes and sparks fur the visible^ ultraviolet, eiikI 
exti'cine ultraviolet regions. 

Smirwa emitting coiitiniious spectra are particularly useful in 
making absorption measurements (Chapters 14 and 17), Those 
emit ting line .spectra are useful in .studying atomic .structure and in 
riualilative and quantitative emission spectriii'n nnalysj.s {C>hEq)ter.s 15 
ainl l(0i au<I in appIjeatioiKS in which it i.s desired to isoliLte ai>pi*osi- 
inately nionoehroinatic radial ion. 

The general spectral -emission t:lianictcrisl ir.s of various .sources are 
.summarized in Table 8.1. 



table 8.1 
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8 . 2 . The Power Output of Sources. ^Plic total radiant op lu~ 
vimous power ouip'iti is sometimes of iinportniice in choosing ii source 
for spectroscopic applications. The steradiancy (radiant power out- 
put jjer iiiiit j>rojcctcd area of source per unit solid angle) or brightnesa 
(luminous power output per unit projected area of source per unit 
solid angle) is, however, usually more important, since this is the 
limiting factor that ordinarily dcterniiiies the ninouut of radiant 
power transmitted through the spectroscopic system onto the radia- 
tion receiver (photographic plate, photocell, eye, and so on), ns dis- 
cussed in Chapter 6. For example, an ordinary Aunrescent lamp is 
an excellent source for general illumination but a very poor soui*ce for 
visual ahsor]>tion spectrophotometry, for precisely the same reason 
in hoth instances : while its total luminous power output is com~ 
para Lively high, its brightness is comparatively low. 

Jtadiaiit power is measured in waits t milliwaiis (inw), or unicTO-" 
watts (mw). hiiminous power is incasui'ed in h(.inens. One lumen 
is the luminous flux in unit solid angle from a uniform source of 
1 candle power. Since the luminous effect of a given amount of 
radiant power dciicnds on the wavelength of the ra^liation and the 
spectral sensitivity of the observer’s eye, the ratios luntens/xoail and 
waits /Imnen can be expressed only for each particular wavelength and 
in terms of a particular spectral visibility curve (Fig. 1.1). Data 
representing the lumens/ watt at various wavelengths for a ‘‘standard 
observer” have been adopted by the Illumination Engineering 
Society on the basis of the average .spectral visibility curves of a large 
number of normal ]}crson5. Prom such data and from data on the 
spectral energy distribution of a source, the luminous power of the 
source may be determined by step-by-step or graphical method.^.* 
iiler€i(Liancy is measured in wntLs (or inw or / sleradiaiij where 

the area in cm“ refers to the projected area of the source on a plane 
perpcinliciilar to the direction in which the radiance is taken. U right- 
ness is ni CUSH red in lumens/ cm? /steradian^ or in candles / cm- ^ the area 
in cm- having the same significance as in the case of stcracliancy. 

The rail j ant or luminous power output deteriorates with time in 
some sources, such as incandescent lamps and inei'ciiry arcs, hut not 
ill others, such as ofjcn carbon arcs jind sparks wherein provisions 
arc made to keep the iiiterclcctrode gai> constant ns the electrodes 
wear awiiy. Bucli long-time changes are usunlly not important, hut 

MM ■ ■■ 

^ A. C'. Hiirtly iiiul F, H. Perrin. The Prineijdea of OjHica, New York: McGrnw-IIill 
Hook C'(im]»Liiy, Inc., 1032. 
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if emission must be kept at or near the maxim iim, it is desirable to 
replace deteriorating sources routinely after a fixed, limited period of 
operation. Short-time fluctuations of radiance or brightness are 
often significant in spectroscopic measurcineiits, particularly if the 
radiation-measuring system is not an integrating device like tlic 
photographic plate, wliich averages out random fliictiiationa. 

Radiance or brightness is more uniform over extended arcMis of 
some soiircess such as ribbon -filament lamps, than others, such as coil- 
nlament lamps. A. uniform source is to be preferred in instances in 
which different portions of a final image field, formed by radiation 
emitted from different portions of the source, arc to be compn-rccl- 

S.3. Practical Considerations. Practical factors in the choico of 

sources include simplicity of construction and operation, rugged iit?ss, 
useful life, availability, and cost. Special considerations regarding 
the choice of sources for absorption speetroi^ho tome try, f|ualitntivc 
and <|uantitaiive emission spectrum analysis, infrared spectroscopy, 
spectroscopy of the extreme ultraviolet, and Unman spectroscopy are 

discussed in the chapters dealing with 
these subjects. 

THERMAL EMISSION SOURCES 

8,4. Spectral Charac tens tics of 
Blackbody Radiation. A hliu:kbotly is 

a body that absorbs all radiant cnci'gj* 
incident upon it, neither transmit ting 

nor reflecting nny of tliis radiant 
energy.* No substance behaves ns n 
jjerfect blackbody, but very close n]*- 
proximations to hinckbodies oiin be 
constructed (see § 8.5). 

he spectruin of a blackbody radiator is continuous. Fi'oin the 

ort-wnve end, the spectral intensity curve rises i-nthcr sharply to a 

maximum and then tapers off more gradually tow 5 ir«l still lojigtn* 

\\ Ri elengths (Pig. 8.1). The position of the niaxiniuin depends on 

t le temperature of the radiator, in accordance with AVicn*s dispbice- 
ment law : 



Wovelength fn A 


FJg. s.l. latenalty distribu- 
as a function of wavolongth 
for the radiation from a black- 

tody at various temperatures. 


x«r 


b 


( 8 . 1 ) 


f t - 1 ^ uiscuMion 15 DoTinned to the oplic-Hl rejfi'oii 

T uUraviolct). heo« we are here cnecrncrl^ilh 

body characteristJc.a wiihio the optical region. 
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wlicre Xm is the wn\'^cleiigtli, in angstroms, of miiximiim intensity; 
T is the temperature, in degrees Kelvin; and fc is a constant = £.884 
X 10^. The total riidiatlon depends on the temperature of the 
nicUator in accordance with the Stefan -Boltzmann law : 

W = (8.S) 

w'here W is the total radiant power, in watts/^cm’ area of sonrcc, and 
O' is a constant = .5.785 X The distribution of intensity ns a 

function of waveieiigtli is given closely by Pliinck*s radiation law 
(shown here ns npplie<l to spectral energy ineasureincnts of band 
width d \) : 

J^d\ = c, * dk (8.S) 

where is the spectral radiant intensity (watts per stcradian per cm 
wavelength), d\ the spectral band width (in cm), A the area of the 
source (in cm-), Ci the first radiation constant (1.177 X 10^'* watts 
cm-), Co the second radiation constant (1.43£() cm deg), and e the base 
oF natural logarithms (2, 718+). The curves of Pig. 8.1 were eom- 
j)iiled from Kq. (8,8). 

The Planclv radiation formula is somewhat ciiinbersome to handle, 
and for many ]}ractical ])iii'poscs the Wien formiihi, which Ls an 
approximation of simpler form, may be used without ciiusLiig appro- 
c'iiible error. This is of the form 

,hd\ = Aci\~^r~^d\ (8.4) 

tlic ronstiuits having the same values as in 15q. (8.3), The error.*? 

Inlrodiiced by using the Wien equation arc smallest for .small values 

■ 

of \7\ When \T is less than 0,5 cm «lcg, these errors ai'c le.SK than 
proliabte errors of measurciTiont. Kxtensive tables giving the radiant 
power per unit wavelength Interval at various wavelengths will be 
foimd in the International Critical Tables.^ ^EcLIkmIs of applying 
the radiation laws to the sensitivity Hliindardizatian of photographic 
plates unci photocells are disc^iissed in § 18.5. 

Th o.se tliertnal riidiator.s which arc not hi ackliodtes do not ra<luite 
pre<'Lsely in iiccordHiice with the nhovc laws, hut the eorpcspoiulcntx* is 

^ Ititmiafityrial Cntiral Vfihlt'M. Now York: McCiniw-1 !ill Honk ('onipitny, Ine., 
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siifficiGUtly close to permit computation of the approximate cliarac- 
teristics of the radiation to be expected from such sources when their 

operating temperatures arc known. 

In presenting data regarding iionblackbody thermal ra<liatorfl, 

reference is frequently made to the brightness temperature, radiation 

temperature!, or color temperature. The hrighinetis or 

radiatioji iemferaiure is the temperature at which a blackbody would 

have the same brightness or radiate the same power in a particular 

wave bond as the given nonblackbody radiator. Since blnckbouies 

ore more eflScient radiators than nonblackbodies, brightness or 

radiation temperatures are less than the true temperatures of uou- 

blackbody radiators. The coior tetiiper<Uitre ia the temperature nt 

which a blackbody would have to be maintained to matcli the visible 

color of a particular non blackbody ratliator, for example a metal. 

The color temperature may be much higher than the actual tcnijiera- 

ture of the nonblackbody radiator, since there is a tendency for tho 

spectra of such nonblackbody radiators as metals to be shifted to warn 

tlie blue as compared with those of blackbody radiators. Optical 

pyrometers of the vaniahiiig-filament type measure brightness 

temperatures. 

S-S. Blackbody Radiators. Blackbody radiators are iisoful ^ as 
standards in the visible and infrared regions liecauso their radiation 





Fig. 8,2. Cross section of a simple blackbody, consisting of an electrically heated 
metallic tube with small hole, a, through which radiation is observed, 

distribution is completely determined by their temi>e.rature, as lu- 
clieated by lilqs. (8.1) tlirougli (8.4). A close approximntioii to 
blackbody radiation is obtained by viewing a uniformly heated cavity 
of opaque material through a hole that ia small in proportion to the 
size of the cavity,* Various designs of practical cavity-type black- 
bodies have been described (General Reference 8.1). One of th*^ac 
is illustrated iti Pig. SSI, 

I ^ ii \ ^ MU I 

^ F. K. lliclitniyep und E. IT. Kennard, 2«fraduclwii io Modern Phyeies. New I'^ork : 
McGraw'-HUI Dook Conipnnj', Inc., U>4'4, 
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8.6. lacandescent Electric Lamps. These ni*e ii.seFiil soiii'ccs for 
visible, near inPrai'cd, and neav ultraviolet radiation, because they 
liave highly uniform and piTidictablc spectral intensity characteristics. 
Tims according to Forsythe (General llcference 8.1), a new gus-filled, 
singlo-coil, 115-volt, 100-watt lamp, operated at a color tempera- 
ture of with a rated life of 750 hr and a hiininoiis cfRcioncy 

of 1,';.4 hiinens ])er watt, has a spectral intensity distribution in the 
visible region that can be matched by that of ii blaekbody operated 
at a teiujierature somewhei'e in tlic range frani about 2805 to 2875 “Jv. 
Since the radiation characteristics of incandescent lamps arc well 
known and are reliably constant when tiic lamps are new and are 
operated at rated voltage, such sources serve as good secMDudary 
standards, when calibrated in comparison with blac^kbodics, for deter- 
mining the sensitivities of tlicrniopilcs and other radiation -sens! live 
devices. 

Data on the brightness and racliance of tungsten iilaiiients are 
shown in Tables 8.2 and 8.S. Tabic 8.4 shows the color tcinperatiirci' 
and mnxinuun brightnesses of various 


TAULK H.a 
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Fov spectroscopic applicationsi concentrated, uni form .sountes oi 

high bright nes.^ (or radiance) are desirable. TheHc requirements orci 
most closely met by projection lamps, automobile lieadlight bulbs, 
iind ribbon-filament lamps. The latter two types may be ii,s€’d 
advantageously in applications in which the emission is reciiiircd to iht 
free from short-time fluctuations, since they are low- voltage dcvice-s 

timt limy be operated from .storage batteries. 

The rndiAiit power output of incandescent latnp.s deeren-sca ^viLii 
time, as a result of evaporation of metal from the filament onto the 
in.side of the bulb. Tlie life L is markedly dec-rensed by increase in 
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the operating voltage F, as shown by tlie following expression 
(General Ileference 8*1) : 



8.7. Enclosed Metallic Arcs with Incandescent Electrodes. In 


this category are several 3001*003 in whioh tlie bombardment of elec- 
trodes by ions in an arc stream raises the tempera tiiL*c of one or more 
electrodes to incandescence, causing them to emit radiation. Tlicse 
mi gilt be classed os arc sources, but since the radiation they emit is 
principally from the incandescent electrodes, they arc included here 
with thonnal radiators. All these sources must be operated in series 
witli bnl1a.st resistors or reactors, since they have the negative poten- 
tial-current characteristics of arcs (sec 


§ 8 . 10 ), 

The Pointoliie is an enclosed Umg- 
stcn-electrodc arc in an argon atmos- 
phere. For DC operation, it is 
constructed with a tungsten ball ns 
niiodc and a tungsten rod-and-coil 
filiimcnb in series ns cathode (Fig* 8.S). 

The AC Pointolite is similar in prin- 
ciijlc but has two tungsten balls tliat Pointolite. ]W- 

operate nltcrnately as anodes on sue- „„ ballast roslstors. 

[•e.ssive half cycles. Usual sizes for 

the IX" Pt)intolite.s are 30, 100, 500, and 1000 crandle power, and For 
Lbe AC, 150 cMindle ]>ower. Furtlier data are given in Table 8.5. 

The (iencral KlcchriG 'phottwiicTO^raphtc lciinj> is a va/riaiit of the 
1 sun lain]), described in § 8.14. It contains a small cup-shaped 
.'lec’Lrotlc, iil)out 0.S5 cm in diameter, plated slightly behind a tung.stcii 
■ing of somewhat larger dinincter. These electrodes, between winch 
:lio lilt* is niiiintaliied, are connet:ted by a V-sha]3ecl coilcd-tiiiigstcii 



iliuneiit. The atmo.s})]icre in the bull) is argon togotlier with iner- 
*11 ry va])or from an cxces.s of metallic mcrcniry. The hnib jnii.st be 
jiirucd base up, so Unit the merc!iiiy pool remains near the tip. '^Phe 
anif) is o))erate(l on alternating eui'rent from an nutntriinrtfoniier. 


riio cup-shaped tuiig-steii electrode becomes very hot during opera- 
ion, emitting visible radiation of intense lirigliLnoss (sec TiiVilc 8.5). 


\>ii side ruble riuliation al.so arises from the arc: streiiiii, the ineiviiry 


iiies )>ciiig clearly visible in the fti)ectriim- 
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Tlie JVesiern Union concenirai^ arc®' * operates in argon at at- 
mosplieric pressure by ionic bombardment of a metallic RLin of 
metallic zirconium or zirconium oxide. It is a DC Inmpj oiMsrated 
from a suitable rectifier that provides liigh voltage for starting and 
low voltage for operation. Alternatively, it may be operated in 
series with a suitable ballast resistor and r-f choke directly from 
110- volt DC mains. IkiEcans such os a Tcsla-coil vacuum leak tester 
uiusb then be provided for starting. The cathode consists of n cup 
of tungsten, inolyhdeniini, or tantalum packed with zirconium oxide; 
the anode is a sheet or plate of similar metal. The lamp is operated 
under suitable conditions until a thin metallic film of mol ten zir- 
conium forms on the surface of the oxide in the cathode cup, after 
which it is ready for service. The spectrum exhibits a continuum 
froi.n the incandescent zirconium metal (tern pern turc about 3000 °IC)j 
superposed upon wliich are argon and zirconium lines from the arc 
stream. The brightness, which is very high initially (Table 8.d), 
increases with age, whereas the spot size and total candle ]>owcr 
clecrciisc. The current dcii.sity is about 900 ainij/cm'* for the S-\vatt 
.size, whereas the diameter of the luminous spot is only a few thou- 
.sandths of an inch. 

Descrii)tions of several .special iiicaiiclcscent-electrode metallic ai*cs 
in add i Lion to those described herein, are given in General Reference 8.1 • 

8.8. Low-Temperature Themifll Radiators. Several the nnal rndi- 
iitors that operate at comparatively moderate or low tem]>eratiii‘es 
(about !i00()°K or less) arc useful as emitters of infrared raduikioii 
(see Cliaptcr 17). 

Tlic Nernsl glower (§ 17.1) is a liigli- resistance element made ])rin- 
trijmlly from zirconium, yttrium, and tliorium oxides, which is maiii- 
laiiiccl at an appropriate radiation temperature by ]>nMsngc of an 
electric current after preheaLing to nmke it conducting. The pixj- 
hcating may be ticcomijlished automaLic:ally by an electric heatei'. or 
CL lluiiscii flame may be used. To ensure constancy of output, 
photoc'cll-elcctronie regulating eirciiits may l>e eini>loyed- It is 
claimed that one such devic^e maintain.*; the radiant emission to 
within 0,1 per cent of the average value. A typical glower for 
llO-volt AC or I>(^ o]mratitm is in the form of a rod 1 inm in diaiiicLer 
and 10 mm long, and consumes 1 ani]> at 95 volts. Tlii.s source has 

^V_ f). DiK'kinKliHiii unci Ct It. DciLcrL. Jour. {J-pi. Am., 3<S, Si'tS (lO-ICI). 

® 7'Aff <'onrcutratcti-Arc A New Type oj Light Source. Water Mill, N. Y.; 

Tlie WcKlern riiion ''rdeKPUiili f -o. 
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a negative temperature coefficient and must be operated in series Rdth 
a bnllnst resistor. The radiant emUsion is high iu tlie near iiifmreil 
but loTT in the far infrared. The visible emission is sufficiently high 
to permit use in this region when a uniform source of moderate brii- 
liaiicc in the form of a rod is desired. 

The GlobaT Tod (§ 17.1) is a I’esistance heating clement commonly 
used in electric furnaces and heaters. It has a high cinissivity iu Hip 
far infrared and U advantageous for mcasurement-s beyond 10 g. fi 
operated at above-normal voltages, it may have a mdiauetc os high ns 
00 watts/cm®, at a brightness temperature of about 1800 K- 

Thc Welsbach manUe has high etnisaivity iu the infrared beyond 8 /i 
as well os in tlie visible, whereas its near infrared eini.sflivity is rela- 
tively low, A piece of Welsbach mantle heated by ii gaseous dis- 
charge serves os a satisfactory source for far infrared work. 

Moi gkiBSi which may be jieated by embedded wires carrying an 
electiic current, is a good emitter in the far infrared.^ JI eated 
of erysiailine have been used ns selective radiators in the 

infrared. 

8.P. Other Thermal Radiators. W. M. Cohn® has develoijed a 
thorium lamp that depends for its emission on bombardinciit of a 
thorium target witli an electron stream at 25 kv, I nia. This sourtre 
is nearly free from infrai*ed and red radiation and lut.s a continuous 
spectrum extending well Into the ultraviolet. 

Photoilash lamps^® have maximum inteiisiLie.s of about 300*000 
candles and flash durations of 0.03 to 0-00 sec. Tlicy emit rndiatiim 
through the electrical ignition of a thin sheet of crumpled ahiniimim 
in an atmosphere rich in oxygen. The maximuni teini>eritturoi'eac?hcd 
is about 9600°K. 

Luminous flames, such ns those of the kerosene lamp* yielil coii- 
tiauoiis spectra as a result of the heating of carbon particles in the 
flame. They are of insufficient brightness or steadiness to be of 
interest in modern spectroscopy. Xonliiminous fUiiues, such as Lluit 
of tlie Dunseti burner, are often used to excite charncterLstie emission- 
spectrum lines of Ba, Ca* Nn, Sr, and other element.s by the in.sertioii 
of salts of these substances in a hot portion of the flame. Tliis method 
is inninly useful for demonstrations or as n source of alkali-metiil linos 

^ C. H. Phya. TT^r.. 35, 41 S (lOSO). 

* A- II. Pfiind, Jovr. Opi. Sae. /•iiw.. 23, (1933). 

• \V. M- CoFtii, Phyaik. Xeititfhr., 32, 359 (IDSI}. 

W. E. Formyl Jie nnd M. A. Kn.s1ey, Jour. Opt, Sop. Am., 21, 9K3 (1931), 
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when (I suitable discharge lamp is not nvailal>1c. jVIany methods of 
introducing the inatcrinLs into the name have bccEi suggested; one 
of the simplest and most effective is to soak a strip of filter ijaper iu 
a solution of the salt and wrap the 111 ‘ouiicl the Bunsen biumcr 

so as to form a tube extending about half 1111 inch above tbe top of 
the burner. 13y the use of oxy acetylene or oxyi>ropiine fiainc.s, suffi- 
cieiit temperatures may be obtained to excite the c;haraetcrlstic line 
spectra of more than a dosten elemeiits for quantLtiitivc emission 
analysis, and such sources arc iLscd in flame photometry. 

A graphite- tube furnace has been <Icvelopecl l)y ECiiig (General 
ItcfcM'dice 8.1) for studying the high^tenipcraturc einisHion spectra of 
various suhstniiccs. 

Kxphnled wircH afft>rd a means of obtaining radiiitiun of high 
intensity, particularly in the iiltravioiet. 'riie method coiisusts in 
<hsc]iarging a high voltage (about .'10,000) from a crondenser (of say 
0.<2 to 0.5 /if) through a thin wire^‘* oi* through an asbestos fiber 
sat 11 rated with a solution of metallic siUbp'‘-’ with a minimum of 
iiidiiclauce in the ciremit. The wire or fiber may be mesnuted in a 
groove ill a bloc'k of insulating material. The cliscdiargc is extremely 
noisy. 'Fhe Hpcctriiin is crontiiuious at ordinary atmosjdieri^f jires- 
surc'is excerpt for absorption lines arising fitaii the vapor of tlie metal 
c’ixplodc'd. 


OI*KN ARCS 


8.10. Electrical Characteristics. .Vres b(d,w(?eii elecjLrodes of mate- 
rials having high tluu'jTial {‘oiichicLivity, .silc* 1 i a.s metals, tend to cxtiii" 
giiisli more* readily than tlioso hetwci'ii niaLerials of low e:<Jiiductivityj 
sia*li as graphite. 'Phis c^liaractei'istK; acrcroiiiits For the fact that it is 
viM'.v difFii'ult to main tail I an arc? bcLwecn nicLallit; cdectrocles on 
iillcM'iiating c-iirretit, wlictreas with crarbon elecrtrodes this is not true. 

'Die? ecpialioii I'c'laling voltage? and cairi'c^jil in an open arc is 

(S.O) 


where .1 and Ji aiv coiisLanls, / is the current, and a; depends on the 
anode? iiiitlerial and is ccjiial Lo 1 ror carbon, 1.118 For Liiiigslen, and 
0.07 I'or copper. It will 1)C noted that this cMjiiiilloii hicrK?ates a 


.1. A. Anderson, AitintfiiiffH. ./m/r.. Si, S7 (lUiitJ). 

It. A. Siiwyc*r and A. L. HwkiT, ,four.^ 57, WW ClJ>‘2:l). 

\V. II. NoUinghani. Am. Jnai, Kiati. I'lftff.,42, li! livt'., 2^1, TCil (llWfl), 


180 LIGHT SOURCES FOR SPECTROSCOPY 

negative potential-current characteristics as the voltage increnses, 
the current deei*eases, and vice versa. It is generally necessary, 
tlierefoi'Gj to use a stiitable ballast resistor (or a rcac:tor for AC opem- 
tion) in senes with the arc to achieve stability of o])eriition. VS^hen n 
DC arc is operated from a suitable rectifier, the ballast resistor may 
be dispensed with by designing the transformer 8iip])lying the rectifier 
tubes to have effective regulation in controlling the DC oiitjniL. It 
is often useful to include a suitable I’enctor in scries with a DC arc Lo 
damp out incipient oscillations and to build up a voltage if the aTO 
starts to die out. 

Direct- current carbon arcs operate at voltage drops of from SO to 
60 volts across the arc terminals, AC carbon arcs at 80 volts or more, 
and DC iron and copper arcs at SO to 00 volts. 

8.11. Carbon Arcs. There are two principal types of carbon ares: 
incandescent arcs, in which the incandescent ends of the electrodes arc 
the main source of radiation, andflaine arcs, in wliicli tJic radiation 
comes primarily from the arc space. 

Incandescent arcs may use solid or cored carbons. In DC arcs, the 
maximum brightness is in the positive crater. The total candle 
power is direetly proportional to the ciiri’ent. The brightness is 
proportional to the current density. The carbon diameter in list he 
increased as the current is increased to achieve effective stable ojwrii- 
tion, but higher current densities are attainable, in general, with the 
larger carbon, sizes. The plaUi carbon arc o]>erates at about />5 volts, 
4 to 8 amp for small laboratory arcs and 20 to 40 ani]5 Pt>r prajcctop 
arcs. The spectrum of the incandescent carboti arcr consists of a 
continuum arising from the approximately blacikbody emission of the 
hot electrodes (principally the anode in DC arcs), uj)oii whi<?li is 

superposed il series of lines characteristic of the iiuiteriiil.s vaporized 
into the arc stream. 

Flame carbon arcs use hollow carbons ]>acked with core mate rials 
of various substances; salts of strontium, calcium, cohalt, or socUiiiii 
are frecjuently employed. The usual burning ] 3 o.sltioii is vertical - 
The highly luminous area is an extended arc stream, roughly ellipsoidal 
in shapCj the projected area of which is approximately cciiial to that 
of a circle twice the diameter of the carbons used. For the same 
curi’ent coiisiimptioii, the carbon size used i.s generally somewhat 
larger than that for incandescent arcs (see Table 8.0). The spectrum 
consists principally of closely spaced lines emitted by excited atoms 
in the are stream. IJy varjdng the core material, it is possible to 
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modify the spectral emission in i^articiilar regions substantially. 
A])propriate corns give high cmissivity in the ultraviolet. 


TAULIi 8,6 

C'lrAJtAC'TtilllHTIC^S OF AlU'H AS LUMINOUH SOUItC’BS 

(HuNcd un datii in Gciiioral Hcfcrcnco 8.1} 
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* enii KphorienT cnndic |>fnvcr for flfiimi arc; cninMc at for JiiKi) inlaiiHity arc 
iiiir[ iiL 60° for Siiprcx 0.7 iiml 0.8 cm cnrhunM; horizoiiLul cniullc power in nil oilier 

L'llKC-S, 

t l<'Tiii.sHi(>ii frran cM'iilcr of positive ctirhon only in the ease of plain mid hi/'fi-inlcnaity 
nrcs; from tlic ciitiru iircii of Llic iJositivo €»irl>oji in tlio caao of Siijii’cx area. 

Ill coiitinuoiisly o])cmtccl arcs, the nuiin teiinnce of constant inter- 
electrode distaiitrc as the electrodes wear may be nt^eoniplisliecl 

by Inuic 1 -feed devices or by autoiniitif^ <?locrkwork oi' nvitor-ilrive 
nieclianisins. Very reliidde feeding nicc' 1 iaiiisin.s, wliich .should fiiul 
ap]> 1 i<'iition in the spo«ftrogrii]>Iiic laboratory, have been developed for 
niotion-pic^tiiro projector area. 

Foi* A<’ o]}eration, high voltages (about 2500 to 5000 ) arc some- 
times used ill H])e<!trograpliic work to trigger the cli.seliargc 5 on ouch 
half cycle, the supply cirtaiit being designed so that the voltage drop.s 
almost iu.sttiiibaiieoii.sly to normal nn^opcriibioii values as soon as the 
arc is eslablished.^'* 

8 . 12 . Metallic Arcs. Arcs of many metals, .suc h as cropper, 
nickel, c?adiniiiin, tlinlliinn, and tungsten, are used u,h sjiecrti'ci.seopic 
.sources in the study of emission .sjjectra ((>liaptet's 0 mid 15 ). As an 
alLcniative to phu-einent of the sainjile in ii hollmv c‘arljf>n electrode, 

*''(>. S. DiilVcMicliick K. II. Prttr. Atfi- Snr, iMttfrrifiiif, 36, II. 

jirc!S of this Lype iin^ uviLiliililc fc»r iisi! in s[>cti;lrcH'licitiic.'id 
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arc electrodes may be formed directly from metallic samples for 
qualitative and quantitative eniisaion-apectrum analysis (Obaptcra 15 
and 10).^ Horizontal rotating electrodes have been used in iioii arcs 
to permit long-continued operation. King« and Gerdien and Lolz” 



-Pig* B-4. Pfund arc- 


special arcs for studying the spectrum of iron and other 

water-cooled electrode holders permit the use of 
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“A. King. A^iropAjfm. Jour., 62, HaS (lOtfs). 

« A H * Wu n r ieeh. 4, 157 5, 513 (10i24). 

A. li. ifund. 27, i 08 ( 1008 ). mi w. 
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the reproclueibility of the liuc.s prodiiectL by the iron arc of tlie Pfund 
type, it ho-s been adojitef! as a .source for secondary standard lines 
(§ 9.8). The source i.s speeiOed by the International Astronomical 
Uaion as ‘*the PFimd arc 
operated between 110 and 
S50 volts, with 5 amps 
or less, at a length of 
IS'I.') mm used over a 
central ssoiie at right angles 
to the axi.s of the arc, not 
to exceed 1—1.5 mm in 
width, and with an iron rod 
6“7 Him diameter as the 
iifiper pole and a bead of 
oxide of iron as the lower 
pole.** With protection 
from air currents the Pfund 
arc can be drawn out to 
lengths of $20 mm or more. 

I'lie louver eletttrotlc is usu- 
ally made half an inch in 
diameter, tapered conically 
to a Clip that holds the 
head of iron oxide. To 
avoid deforming the cup 
when the arc? is first struck, 
a small l)eai1 of iron may 
be dc^positecl in the cup, 
the? arc being slruck with 

a nail held in an insulating Fig. B.5, Arc or spark electrode hoi dor. 

handle. 1 Im iijiper elec- Hiiirtl Aksck'IuLcs, ('ui'iiliriilgis ]V'Tiirt.s,) 

trode .si ionic I be made 

nc^gnlivc\ and a .suitable bn Hast resi.stoi- aiul reactor slicmld be iisc-d 
to o])c?rale the arc from SSO or more vc^Its direc^t eiirreiit, to ensure 
stability. 

Kignre 8.5 sliow.s a convenient tyi>e of arc; holder for use with rod 
(•lecL rodeos. It is c'liarac^teriKed by lifiviiig adjnslments that give 
vcM’tical control of the am lieight, mid lioris'«ontal and arcf-leugth 
adjustinc'iiils, so that the operator citii keep im are of proper Icngtii 
creiiterecl on the spec*tro,sco])e .slit. 
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ENCLOSED ARCS 

8.13. Electrical Characteristics. Enclosed arcs, like open arcs, 
have negative potential- current characteristics and must be ojierated 
with series resistors and reactors, or from special transformer or 
recUBer circuits having appropriate regulation characteristics. 

The potential drop acroas a particular arc and the current tli rough it 
depend on the pressure of the conducting vapor between the elec- 
trodes. After the arc is started, a rise in temperature ensues, result- 

■ 

ing in nn increase hi the pressure of the vapor, a decrease in the cur- 
rent, and a rise in the potential drop between the electrodes. The 
final operating condition depends on the equilibrium temperature 
between the arc and its surroundings. This temjjcrnturo in turn 
depends on whether the arc is ventilated or is cooled by an air blast 
or by running water. The equilibrium condition is apt to be rather 
unstable unless the operating temi>erature is controlled automatically 
within narrow limits by such moans as an intermittejit or variable 
air blast. 

The usual operating voltages and currents for low-]>resMure metallic- 
vapor enclosed arcs are respectively about 30 to 200 volts and 3 Iti 
8 amp, For high-i>resaure metallic-vapor arcs, the oi)cratiiig voltage 
may be 800 or more. The excitation in the arc stream iiu:reases as 
the pressure is lowered, so that vacuum arcs may show liiglicr 
excitation than sparks. 

8.14, Low-Pressure Mercury Arcs. These art^s usually operate al 
pressures of about 1 atmosphere or less. They arc gootj sour(‘t\s ftu' 
isolation of monochromatic radiation corresponding to the priiica]>al 
mercury lines, for example in the excitation of the .Raman cITeet or 
ill monochromatic irradiation experiments. Water-cooled arcs, .siicJi 
ns the TCroinuyer and .Burdick therapeutic him])s, operate at Itiwei* 
tcm[>eratures and pre.ssures than air-cooled arcs, and yield spetfti'ii 
com para tiv'ely Free from continuous background. 

There are three princi]>al types of low-pressure mercury arcs: 
(1) those with two liquid mercury electrodes, (2) those willi a crathotle 
of liquid mercury and an anode consisting of a spiral of tungsten wire 
(DC Uviarcs), and (3) those with tungsten or oxide-troaled metal 
electrodes and nn atmosphere that contains, in addition to iiiereury, ai 
small niiioiitib of argon or neon fur .starting the arc by ioni'/atioti. 

The fii*st two types of lamps are normally started by tilting the lu'e 
mechanically until contact is established between the electrodes, as a 
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result of the flow of jnctallie mercury through the arc tube, and then 
restoring the tube to its initial position so that the contact is broken, 
'i'he tungsten coil must be made positive in the Uviarc; otIicrwLsc the 
arc will go out or tlic coil will quickly he burned out by hoinbardment 
with mercury ions. A reactor should Iks usc<1 in the circuit to ]jrovide 
an induced high voltage to help maintain the discharge when contact 
is broken. Many ingenious electrical tintJ electromechanical devices 
have been designed for starting arcs of the tii'st two types aiito^ 
matically. Ilowever, avUcii niitoinatic starting is desired, it is now 
more caistoniary to employ arcs of the third type. These depend on 
thermionic! emission from the electrodes (or Prom an auxiliary fila- 
ment) to excite ions in a gas such as argon, and on the use of sufH- 
ciciitly high intc^relectrode potentials so that the ac^eelcratcd argon 
ions excite mercury ions by collision. Sucb arcs, if jjrojierly designed, 
will operate on flO-cyclo alternating current with extinction of the arc 
at cac'U half cycle. 

Arcs of the third type are obtainable In envelopes of qnartsi or of 
ultraviolet-traiisiiiittiiig glasses, such as Corning Corex. 'fhe latter 
are free pie lit ly used for “sun lamps'* in order to restrict the transmitted 
Tadiiition approximately to the s[)cctral range of sunlight, the sliort- 
Avavc limit of wlii<rh is about ^000 A, 

Oata regarding the radiant emission of low-pressure inereii ly ares 
at Avuveleiigths (rorrespondlng to the principal mercury liiu^u liiive been 
])ublished by M«;A lister''* and others Csee (leiieriil Itererciice 8.^). 

Alternating-(!Urrent llvdartrs’*’ in C|uart?r are c'onveiiicnt line Honrees 
of ultraviolet radiation down to ahoiit 18/50 A. 'riie electrodes are 
lichees of wire, the interstices of wliii'h are lilled with rarc^-iMU'tli 
oxides. The electrode tuiiterial (sintributcs little to tlie iiatui'c of the 
arc streiini, so these lamps are sometimes edassed as discharge tubes 
rat her than ares, but their operating pressure (J to 1 atmosphere) is 
higher ami their ])otcntiiil gradient (about 1^ volts/cni) lower than 
those (duiracteristic! of discharge tidies, A. small amount of argctii, 
aihled to the completely vapori'/cMl iiioi'<*iii'y in the tube, serves to 
iiiiliate tlie cliscliarge. The (|uiiiitity of iiierc‘iiry to be iisetl is deter- 
mineiL by I he fact Lliat the voltage gradient varies direcdly as Llie 
-fo power <>r the mass of iner<‘ury per iinil tube leiiglli and invt*r.sely 
us the |! power of the inside tiihe diiiiiic'l er.-'* Alleniiiliiig-ciiri'en t 
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L. 
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Uviai’cs are operated from liigh-reactance transformers, which pro- 
vide the necessary ballast for stable operation. Maxitniiin output is. 
attained in about 4 min after the arc starts. The lain])s may be 
burned in any position. In all cases it should be rcmeinbercd that 
the radiation from a inerciu*y arc changes greatly as it warms ii]). 

Tile General ISlectric S— 1 sun lainyi employs tungsten electrodes, 
connected by a tungsten filament, in an atmosphere of mercury and 
argon. Its spectrum shows the mercury emission lines superposed 
upon, a continuum from the tungsten filament and electrodes. The 
lines of shorter wavelength than £604 A arc absorbed almost com- 
pletely ]f the bulb is Oorex 13 glass; this transmission limit is .shifted 
to the £894 A line if Corning glass No. 000 is used. 

8.15, High-Pressure Mercury Arcs. Several high-pi’c.ssiire mer- 
cury arcs have been developed for use yirimarily as himinous 
sources.®^"*'* These operate at comparatively high currcjit den.sities 
and at pressures ranging fi'oin I to 80 atmospheres (Table 8.7). Their 
spectra exhibit, in general, much stronger coiitiniia tind a greater 


TAllLE 8.7 

Data on lIian-PitKHsuuii: MKiitHritr 



TI-S 

1 

IM 

II-.5 

1 

TI-0 

^Vntls (lamp) 

8.5 

100 


],0(M) 

l.ainoiLs (100 hr) 

801)0 

8500 

10,000 

0.5,000 

l’rc.Hsiirc (atm) 

.80 

8 

4 

80 

Ma X i mum 1 u moii /ciii'*/s tciiid ian 

1)00 

400 

800 

80,(H)0* 

Source loiigtli (cni) 

1.8 

2.4 

4.8 

2, .5 

Source cliniiictcr (cm) 

0.4 

0.7.5 

1 

1.8 

0.2 


"The avcrnifo vnhie appeiir.H fniiii ctimpuLiilmu to be jibouL OoOO. 


proportion of energy in the visible region than is characteristic ijf low- 
pi’cssLire mercury arcs. Like AC Uviarcs (§ B.!-!*), they employ 
oxide-coated electrodes, together with an atmosphere of argon foi- 
.starting the arc, and arc operated on alternating current frtmi trans- 
formers with suflicieiit reactance to serve as hallast. After starting, 
these sources require several minutes of ojicrntioii to rciurh maxitiuiiii 
total radiant oiLtput. 


II. T. Rarncs, IS. Forsyilie, nnd W. J. Jvnrnsli, Ovnemt hllvHrU' ffrr., 42, ;>4U 
< 10 .^ 0 ) . 

** 15, II- Noel, Jour. Apjii. Phjffticst 11, 42.5 (1040). 

“ H. T. llfiriiea iind W. IS. Forsj'lhe, Jour. Nor. j'l/n., 27, 88 (11)87). 
b. J. UiilLolph, Jour, Opi. Soe. yi»i., 29, 124 (1080). 
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T.lic Ri’c envelopes are of quai'tz. '^Phesc arc Hiiri*oiiii<led by jackets 
of glass except in the case of the IT-fl water-cooled lamp 8.0), 

for which outer jackets of either quartz or glass may be obtained. 
Some of the lamps with glass outer jackets cannot he operated with 
the outer jtusket removed without damage to the arc envelope seal 
and liciK-c are useful only for visible racliiitioii and ultraviolet to 
about 8000 X. With a quartz outer jacket* Llic II-O lamp gives a 



(b} 


Fig. 8.5. High-preBBure, water-cooled, 1000-watC quartz mercury ere. (t'l) 

Quiirl'/.-iiTc f*ri]>illn ry l.iil>c ctHiLiiiiiiiig iiicM’ciiry viipcir. (Jy) IloiiNiiigt coiifliMling (if 
rjutirtz or glasH Liilx* ivilli niolnl cud HLtiiigKj to permit cooling Lho nrcf tube with 
fluwitig wul-cr. 


strong cantltuiinn in the ultraviolet to ahoiit A, with rcvcrsjils 

at S;W0 and A. 'riie lines arc supeqxjscd upon the (‘ontinunni 

but are not prominent. 'Flic II Jl and 11 lamps w'ilh oiitcM' jiu-kcls 
reinovetl («>r with IkjIcs punctiireci in the ja.C'l\cL for Lrausmissioii of 
radiiiLion) yield the niereiiry line sjK'eLrinn in tlie ultraviolet .snper- 
[>osed iipr>n slrcing con tiiiua. ^riic! sliort-wiive limit of emission is 
about 2W0 A, Jiiul the 5iJ.'387 A lint* is reversed. 

liecaiise of its high radiaiii etiiissioii from a small einiltiiig area 
(^Fahle 8.7), the H -0 arc is an extsdleiit source for iip])licaLioti.s in 
wliic’h high radiance i.s re([!iii'etl in the ranges from about fsiTOO A 
through the visible anil near infrared regions, and in wliieli a strong 
coiitiniioii.s sjieclruni is desirable. h\>r shorL('r wiivelengllis t>r ff>r Lise 
isolation of inonoidiroinatic rarlialion, ol her .sources iiuiy be preferable 
even when the liighe.st riuliaiice is |■e(jnired- On aliernating cnirreiit* 
the n o ari' iiiiisl be operated in the Imrizoiitul po.silion; on direct 
ciirrenL, it may ))e openiletl verticrally, with the cathode as the upjK^r 
cleeti'o<le, using a siip]>ly capable of delivering volts at l.^ amp 
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and a ballast resistor which, at 1.2 amp, will reduce the potential 
across the arc to about 840 volts. 

8.16. Other Enclosed Metallic- Vapor Arcs. The 200-watt G.E. 
sodium-vapor arc has an output of 10,000 lumens and a brightness of 
about 6 candles/cm^, the radiation being concentrated primarily in 
the sodium lines near 5890 Commercial enclosed metallic-vapor 
arcs yielding spectra of cadmium and zinc, as well as sodium are 
available.®® Enclosed metallic-vapor arcs have been designed for 
emission of characteristic lines of antimony, bismuth, iron, lead, 
potassium, selenium, tellurium, and tin (General References 8.1, 8.2). 

8.17. Enclosed Carbon Arcs. With suitably designed enclosures, 
carbon arcs may be operated at increased i^ressures in various inert 
atmospheres®® (including nitrogen, argon, helium, and hydrogen) or at 
reduced pressures as compared with the normal operating i)ressures 

I 

of open arcs. The effect of increasing the pressure is to increase the 
operating temperature, accentuate the continuous Viackground, and 
broaden the characteristic spectrum lines. The effect of reducing the 
pressure is to narrow the emission lines and to yield lines characteristic 
of higher excitation energies. 


DISCHARGE TUBES 

8.18. General Characteristics. A distinction has been ina.de be- 
tween arcs and discharge tubes on the basis that arcs are c‘hara.cterizcd 
by appreciable contribution of the electrode material to th<^ ionic 
discharge stream and to the emission of radiation. This distiiu'lion 
is not always clear-cut. There are, however, other distinguishing 
characteristics that mark discharge tubes as different from arcs: 
(a) they operate at lower pressures (usually less than 0.01 atmosphere), 
lower current densities, and lower temperatures than arcs; (b) a 
higher potential gradient (up to .several hundred volts per cm) may 
be required to maintain the discharge; and (c) the si)ecLra emitted 
show lines of higher excitation energy and other differences. 

Discharge tubes are usually operated from spark coils or trans- 
formers supplying high voltage (2000 to 20,000 volts) and low curnnit 
(4 to 60 ina). Spark coils have the advantage for .some <ipp1i(‘al.ion.s 
of supplying undirectional pulses, the induced volla.g<' dc'vcloiied 


Electric Dittckargc and Other Lamps. London: ,\dam Ililger, Lt<l., IDU). 
26 Paschen, Ann. d. Phyieik, 12, 5(J9 (1932). 
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when the primary interrupter makes contact being much less than 
that when it breaks contact. Transformers for operating discharge 
tubes should have sufficient reactance to limit the secondary current 
to a safe operating maximum. Bign-lighting transformers are de- 
signed with such characteristics and are available in a sufficiently 
wide variety of specifications to meet most needs for AC discharge- 
tube operation. High-voltage rectifier circuits may be used in special 
instances in which direct current is required. Finally, electrodeless 
discharge tubes may be excited by placing them in a high-frequency 
field. 

As a general rule, the brightness or radiance of discharge tubes is 
comparatively low. With certain exce])tions, therefore, they are not 
so well adapted to spectroscopic applications requiring highly con- 
centrated light sources of great intrinsic brightness or radiance as to 
applications in which extended sources of high total radiant output 
are desired. 

8.19. Glow-Discharge Tubes. A conv'euient form of Geissler 
tube for spectroscopic use has two enlarged portions, containing the 
electrodes, connected by a (‘onstricted tube (Fig. 8.7). Such tubes 


chH 


•v. 


yo 


Fig. 8.7. Geissler tube 


are made either of glass or (piarlz, aii<l may be obtained unfilled 
(with stojKrocks for filling) or filled with various gases such as argon, 
helium, hydrogen, neon, nitrogen, or mercury vapor. T'he electrodes 
may be of a plain metal, such as tungsten, or may be oxide-coated. 
Fixcitatiou is often supiilied by a spark (^oil, but a small sign-lighting 
transformer (about 8()()() volts, (> iiia) serves eciually wcl'. Cieissler 
tubes are chiefly useful for dcinonstration purposes and to obtain 
narrow lines for reference staiulards or for interferometry (sec 
Chaiiter 20). 

Another tyj)e of discharge tube that is commercially available and 
lias somewhat greater br’ghtncss, <ir radiance, I ban the usual Geissler 
tul)C has been described by Rydc,“^ It contains two closely spa<*od 
electrodes in a comj)Jict envelope, the di.s<*hargc being viewed through 


J. \V. Hyde, Nature, 112, 044 (1S)''2S). 
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a window in one electrode. Glass or quartz envelopes may be ob- 
tained, with atmospheres of argon, CO 2 , helium, neon, nitrogen, or 
oxygen. The spectrum of the neon tube is rich in sharp lines that 
are useful as secondary wavelength standards. These lamps are 
intended primarily for DC operation at 300 to 450 volts with oxygen, 
nitrogen, and CO 2 , and at 200 to 250 volts with helium, argon, and 
neon. They may, however, be operated on alternating current. 
The current consumption is 5 to 15 ma. 

E[ollow-cathode tubes with an atmosphere of inert gas, have been 
designed in which radiation is emitted almost exclusively from the 
cathode glow inside a hollow electrode closed at one end (l^ig- 8.8). 




HP 


Spark lines of the metal comprising the cathode occur in the spec- 
trum. These tubes are especially valuable for ])rodiicing .sharp lines 
for interferometry (§ 20.2), or for spectroscopic analysis of small 
quantities of material (Chapter 15). 

Mercury-V^apor Discharge Tubes. When mercury vapor at low 
pressures is admixed with a small amount of neon or argon in a dis- 
charge tube with oxide-coated electrodes, an easily .started sotirce is 
obtained in which the ultraviolet radiation is largely (*oii<*enl raL('d 
in the 2537 A mercury resonance line. This fact ha.s been usc^ 

of in the design of a large variety of discharge tubes R)r stipplying 
(together with appropriate filters), approximately monc)(‘lir()mati<' 
radiation at 2537 A (see General Reference 8.2), to be used, for 
exiimple, in the excitation of Raman spectra or in ultraviolet piio- 
tomicrography. With appropriate cooling it is possible to operate 


F. Piisclien, Ann. d. Phyailc, 50, 901 (1910). 
II. Schiiler, Physik. y.eiluchr,^ 22, 204 (1921). 
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such tubes at moderately high-current densities that, together with 
the concentration of emission in the resonance line, give radiance at 
■S537 A as great as 10 times that achievable with usual mercury arcs.®** 
Hydrogen Discharge Tubes, One of the most convenient and prac- 
tical sources for providing a continuous spectrum throughout the 
visible and ultraviolet regions (especially useful in absorption spec- 
trophotometry) is the hydrogen discharge tuhe.®^’ Such tubes are 



Fig. 8.9. Hydrogen discharge tube for absorption spectroscopy, ((’oui-te.sy 

A<hvm Ilil^op, Lt<l., Lomloii.) 


operated at hydrogen ]jressure.s ranging from I to 10 mm ol mercairy, 
at ai)plied voltages from 3000 to 5000 and at <nirrents frt>m a fraction 
of an amy)ere to several ampcrc\s. At tlic liighcr current densities the 
tubes must be jacketed and crooled by running water. Tlie discharge 
is usually viewed end on through a quartz window to increase the 
effective brightness.®® Several cromnicn’caal hydrogcni discharge' lubes 
are available for spectroscoi>ic use (Kig. 8.0). 


30 G. Kortileld and F. Milllor-Skiobl, pJij/fiU.' (^hrtn., B31, (laSCI). 

E. (). a.n<l N. K. Kdlfl'son, tteo. iSVv'. Jit.sf., 1, 4.'5 (laao). 

32 t;. li. Kisliakowsky, /irr. Sri. Iii.t/., 2, .'j-M) (1<).‘U). 

■33 K. W. Wood, /'Iii/.sir(il Opiirit. Naw ^"ork: 'I'hc Marinillan < ’oini)aiiy, 
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Kieclrodeleas Discharge Tubes, If an electrodcleas tube containing 
an appropriate gas at low pressure is placed in a high-frequency elec- 
tromagnetic fields Buch as that of a Tesla coil or radar transmitter, a 
glow discharge in the gas will be excited under proper conditions. 
Viipious methods of construction and operation have boon described.®^ 
One method of excitation is to surround the tube with a close- fitting 
coil of wire carrying the high-frequency electrical current. Sources 
of this type have been used in t1icrax>GUtic appliciLtions and ns [>rol)cs 
bo determine the extent of high-frequency Reids. They have found 
use ill spectroscopy for the production of s^iectra of multiply ionized 
atoms or gases or metaULc vapors and are particularly useful in the 
vacuum ultraviolet. 


ELECTRIC SPARKS 

r 

8.20. General Characteristics. The electric spark is iin cIccLrlcral 
discharge across n gap separating two electrodes between which n 
high potential difference exists. '^L'he potential gradient not pessary to 
initiate such a discharge depends on the gas pressure in tlio gap, the 
ioniziition potential of blic gas, the shape of the electrodes, and oblicM* 
factors. For sharply pointed electrodes in air at atmosplicric pres- 
sure the required gradient is about 1^,000 volts/cin. 

Cold emission of electrons From the cathode as a result of the high 
potential gradient plays an important part in starting the disc^harge. 
In this re5|>ect, sparks differ from arcs, in which the rtn ionic; oinissinn 
accounts primarily for the contribution of electrons to the discharge 
stream. After breakdown occurs, an oscillatory tlistrhargc takes 
place, the frequency and duration of which de]>ciHls upon the con- 
stants of the electrical circuit. Once the train of sii(!c;ccding oscilla- 
tions and sparks has died out, the gap remains qiiics(;ent until the 
potential gradient has been built up again to the point at which a 
disruptive discharge occurs. During the oscillatory di.s<r)iarge, elec;- 
trodc material enters the discharge stream as a result of ionic bom- 
bardment of the cathode. This effect, again, distinguishes s])firks 
from arcs (see General Reference 8.3), in which vaporization by heat 
is largely responsible for the entry of electrode materiiil into the arc 
stream 


J. G. Wiiians, Jtce. Sci, Inst., 0, 20i} (LOSS); see iiIno (lenenil lleferciitt! H,2. 
l-I. TCniser nii(] A. Wallraff, Ann. d. Phynik, 34, 207 (1030). 
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As sparks arc operated at higher current (IciisiticH and higiicr elec- 
trode tcinpcraturOHi tliey hegin to behave more iin<l more like arcs. 
Indeed, under suitable ci re unis Lances the transition to an are dis- 
charge may be eoinplcte. 

Spark spectra show the omission lines of singly and multiply 
ionized atoms in luUlition to those of neutral atoms which arc char- 
acteristic of are spectra (see (!)hapter 10). ^The emission lines of atoms 
of the elccjtrode materia! normal ly predominate, in terms of total 
radiant emission, over those of any gases present In the gap, and the 
latter may be suppressed almost entirely by use of ii scries imliictaiice 




Fig. 8,10. Wedge- 
shaped Bpfirk elec- 
trodes. 


(Chapter Ifi). 

8-21. The Spark In Air and Other Gases. K or .spec‘lro.scro|iie use, 

it is convenient to employ electrodes about 3 to 4 min in <liainctcr 
with wedge -shuijcd opposing ends (h'ig. H. lO)- 
'riie electrodes arc inoimletl with the formed 
edges piirullcl to eiu^li other aii<l to the o])ti<'iil 
axis of the speiftrograph, so that waiuloriiig of the 
4park along the otlges docs not displace it hilepitlly 
with respccl to the axis. ^Plic gai> betwtH^n the 
electrodes may he from ^ to K nim. 

A spark of these s]ie<4ficaLioiis mii-y he oper- 
ated from ail iiidiH'tion coil (“spark^* (^oil) but 
is iiiiK'h mor<' ('oiiveiiieiit to use with a high- 

v<ilLiLge Lransforiiier, the primary of which is supplied with ] lower 
From a 1 10- or 2i20-volt A(' line, 'riie IriuisFormer should he rated 
at 0.^.5 to 1.0 kva and sliouhL <levclop a secoinlary voltage of at least 
10,000 and preferably 15.000 or 40,000 volts. 

If a spark is operaUul directly from a. spark c:oil or Iruiisfonner, I he 
eafnuri bailee of llie cirmiit is iiisiiflicieiit to jjerniiL appret'iuble storage 
of elcctritml enei'gy at the discluirge potential. lliidei* this circiiiii- 
stiLiice, <lis(rharges ocrciir <juiLe fi't'iqueiilly, live spark is ‘*lliiii and 
com[)iiriilively iionUiininoii.s. and Llie rii-diaiuse is low, being primarily 
from ciiiissioii by atoms of the gas in llie gap riitber than from I hose ol 
the electrode inateriiiL. If, liowever, a <;u}iacitoi' ol iqjproijrinLe value 
is c:oniiec:be<l in parallel with the .spark gap (h'ig. H. 11), the energy 
dlssipiiLed during each o.scillaLory discharge is gr<’iiLer, and appreciable 
cpiaii lilies of ele<rLrode niateriul appear in the gap itntl c<inlri!»iilc t<> 
Llie radiaiit eini.ssioii. Altlioiigli the discliiirges oi'ciir less often (inid 
with lower osi^ilhiLioii fre<|ueiH‘y ), Lliey are of so greater radiance 

that tlie integrated radiation during a given jieriod of Lime is con- 
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sidcrably larger. It is customary, therefore, to use a capacitor in 
the circuit ao as to obtain a ‘*hot/* bright spark in which the spark 
lines of the cledtrodc material predominate. 

Increasing the value of the crapacitor augments the brightness of 
each di-sruptivc discharge. Obviously, however, the (‘ajmcitancc 
cannot be increased indefinitely. With any trail. sfonner of given 
power rating and a circuit of given rcslsttincc, ultimately a ca]ia<-itaiicc 
will be reached which i.s so gi^cab that the traiisfornicr cannot t'hargc 
it to a potential siifEicient to cause breakdown of tlie spark ga]j 
within the time of a half cycle. Then the condenser will .simply be 
charged with opposite poljiribies during succeeding half cycles, without 
any dUruptive sparks taking place. Reforc thi.s condition is rt?ached, 
the spark will become irregular. The appropriate circuit constuTiLs 



Fig. S.li. Electrical circuit for operating a spark. 7\ I liKh-vdltn^ir Mlrp-uf) 
trails for inor; primary; iS, Kcconrlary ; f.\ cdiicloiiNcr ; L, .s«‘Jr-iiiiliii‘laii(‘o (iistril 

if it is desired to suppress air lines); (f, spark gap. 


may be computed from principlc.s set forth in .sLaiulartl elei'li‘i<‘al 
engineering texts. For example, if 1* \s Llie ]Miwcr in waits rec|uire<l 
to charge a condenser of capacity C in farads to a maxinunn vtillage I 
at every half cycle from au AG circuit of frecpiency /*’ cytdes per 
second, then P — If C is 0.03 ^f, I "(, is l;>,000 volts, and 

F is 60 cycles per second, P = 270 watts, or u]iproxiinatcly 0.2;j kvai. 

Actually, the power rating of the tran.sfornier used shtJiild be con- 
siderably greater than thi.s for satisfaijtory operation. The pradical 
approach to the ]>i’ol>!em of optimum capaeitancrc i.s Lo use a c'apaeitru' 
of multiple sections and, with a ])arti<ai)ai' transformer am I gn]>, to 
detcriiiiiic by trial the capaeitam^e which gives n bright but regular 
.s[)ark. For use with 0.3.> to l.O kva, l.'j.OOO- to 20,000-volt Iraiis- 

foi'iiiers ami ga])s of 4 to ~y niin, the oi>tiniiiiii eapuci lance usually lies 
l>e tween O.OOll and O.OJJ ^f.’” 


® J. A. Aiidi'rsdii, Ajt/roffhyff. Jour,, 59, (lU'i4), 
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The introdiictioii of an incliictiirn;e coil in the oscillatory circuit 
(Fig. 8,11), which reduces the frequency of oscillation (since P 


1 


^irVLCy 


tends to reduce the iiiteu.sity of eniisaion lines ansiiig 


from the atmosijherc in which the spark operates, and gives rise to a 
hotter spark. With large values of inductance and (‘aptn’itiiiic’C, 
essentially the entire arc* spectriim of the eleertrode material appears 
in addition to sx>ark lines. Usual values of the self-inducbiiiice h of 
the coil range from 15 inicrolicnrieK to 1 millihenry; the. value essen- 
tial for elfetlive supi^ression of the air lines in any particular case 
may be determined by trial. A suitable coil iniij’' be innile by winding 
40 turns of No, 18 C!opx)cr wire in a single layer on a 4-in--diiiiiicter 
insulating tube and providing a tap every live turns. 

One didiculty with sxwirks is their tendeiHy to l>e irrcgLilnr. Metli- 
(hU of oven^oming this dilRculty include the use of a rotating syn- 
<'hr()nous spark gap in .scries with tlie ga|) used us a source”'' luul the 
use of a low-power, high-voltage hitcrruptcMl spark to ignite and 
I'onlrol a high-p<Jwer, low-voltage spark (ronnecUnl in ])Etmllel with it.®** 

8.22. The Hot Spark in Vacuum. Tlic average ex(‘itation energies 
ill the symrk discharge iiuTeose an the voltage and crai>R(‘Itnnc'o arc 
in<M‘eiLsed. by o|)eruting a spark in a vucriiimi, iimler which conditions 
higli breakdown potentials are n^<iiiired, au<l by using large cap tic 1101*8 
and tninsforinei’s of high iKnver and voltage rating, it is possible to 
oliljiin briglit sparks high in emissivity in tlu'* far ultniviok*!.”^"'*® 
Millikan and Sawyer”** and FjcHcu**’ ustul gap lengllis from 0.*2 to 
^ nun, voltages of 50. 000 or more, aiuL <'apacitauc!es of 0.01 to 0.5 gf. 
.V list’d tip rtilai.iiig exUa'iial gap is used in series with tlie vacuum gap 
to t>l)laiii iiiiifonn discharges (see (^lapler 10), 

If wires are explodetl (§ 8,0) in vatsniin iiistoad of air, the spark 
s]]e<;Li'uin of the wirt^ nuiLerial is obtniiied insltMid of el conliiiuuni. 

8.23. The Underwater Spark. A spark Ix'lweeii mchdiic clec- 

irodcs under wilier yields a continuous spcclrntn cxleiicling to about 
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I'tMiN.micT, Ki)n‘nhiifff'UN'rxi-u^ G, “iril 

I*'. I lasicr Jiiiil II. \V. Dit^LrrL, Jour. Sih\ .Iw., 33, '-ilS (Unit) 
:\. Millikiiii luid It. A. Sawyer, Htr., 1.2, 107 (II)IH), 

I'Allen, y.i'iii<fht. f. i^huxtk, 100, (1*21 (11)00). 

A. Millikan, .l.v/n-i/j/ii/.v. Jour.^ 52, 47 ( 11)‘2U). 

A. Sawyer. Aairoiihjf^t. 52, ^S(l (11)20), 

( 'arler, Aittrufthftst, Jour., 55, 102 (11)2^). 
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2000 A in the ultraviolet.^^””^® The source is of high intrinsic bright- 
ness and is of particular value in absorption spectrophotometry of the 
ultraviolet (Chapter 14). Electrodes of various metals may be used, 
tungsten steel being particularly satisfactory. The spark gap (3 or 
4 mm in length) is housed in a watertight container, witli a quartz 
window. Distilled water is used in the container. A high-frequency, 
high-voltage electrical supply from a Tesla coil is used to energize the 
spark. The primary of the Tesla coil is connected through a spark 
gap to a circuit consisting of a capacitor in parallel with the secondary 
of a high-voltage transformer (about 20,000 volts, 1 kva), with a 
primary for operation from 110 or 220 volts alternating current.) If 
an open spark gap is used in the oscillatory exciting circuit for the 
Tesla coil, operation is extremely noisy; quieter operation may be 
achieved by the use of a quenched gap. 

8.24. The Spark as a Source in Qualitative and Quantitative 
Analysis. If it is desired to observe the spark spec'tra of solid (‘on- 
ducting materials for purposes of identification or quantitative anal- 
ysis, these may be made the electrodes of a spark gap. The s])ectra 
of nonconductors or of liquids may be observed by introducing them 
into suitable spark gaps having electrodes of appropriate materials; 
alternatively, conducting liquids may be made to serve as tlie elec- 
trodes. Various methods of applying spark spectra to (jualitative 
and quantitative analysis are discussed in Chapters 1,5 and 16. 


MISCELLANEOUS SOURCES 

8.25. Cathodolununescence Devices. Radiation may l)e excited 
by bombarding a gas or vapor with accelerated elec-trons. The prin- 
cipal problem in so doing is to provide an evacuated space for the 
acceleration of the electrons, and a gas space in which impacts may 
occur, without the use of a barrier between them. This result has 
been accomplished in various cathodoluminescence devic^es^^* by 
bombarding a metal with electrons in an enclosure tliat may be con- 


H. J. McNicholas, Nat, Bur, Standards Jour, Res,, 1, 9S9 (1928). 

I. Wyneken, A7in. d. Physik, 86, 1071 (1928). 

li, Wrede, d. Physik, 3, 823 (1929). 

H. Hertz, }Vivd. A nn., 19, 809 (1883). 

A. S. Kiii^ and E. Carter, A,^tropkys, Jour,, 44, 303 (1913); K. Charter and A. S. 
King, Astrophys. Jour., 49, 224 (1919). 
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tinuously evacuated. Small amounts of the metal are vaporized; 
under appropriate conditions the vapor can be confined largely to 
the immediate vicinity of the metal target. The atomic beam for 
producing very narrow lines by this method is discussed in § 20.2. 

8.26. Fluorescence, Phosphorescence, Resonance Radiation, and 
Chemiluminescence. Sources involving these mechanisms for the 
emission of radiation are of low intrinsic brightness and are of interest 
in spectroscopy primarily from the standpoint of studying the spectra 
characterizing the phenomenon concerned. Fluorescence is readily 
excited in many suV>stances by irradiating them with ultraviolet 
radiation. The 3650 A and 2537 A mercury arc or discharge-tul>e 
lines are particularly convenient for this pur[>ose- 

8.27. Pulsed Discharge Tubes. By discharging a condenser 
through a suitable tube with a minimum of inductance and resistance 
in the circuit, it is possible to obtain brilliant flashes of light of 
extremely short duration. Anderson"^** used tins method to excite 
hydrogen discharge tubes, employing a 2-juf (condenser charged to 
35,000 volts. Current densities of the order of 25,000 am|)/c‘m^ were 
obtained. The brightness was extremely higli, approximating that 
of a blackbody at 40,000® Iv. Edgerton''** lias carried out extensive 
investigations of j)ulse<i discharge tubes For ai>pli<*ation to high- 
s|)eed i)hotogra])hy, for aerial photography at night, and for otlier 
uses. In applications in whi(‘h a nniximum of radiance is required 
and a mini mum duration of radiation is iinobjectionable, such sources 
are extremely useful. 

8.28. The Sun as a Source of Radiation. '^Flie sun is a sour<*e of 

high intrinsic brightness, yielding raxliation extending from the far 
infra.r<'!(l through the visible and ultraviolet regions. Its spectrum is 
(continuous but contains thousands of absorption lines, the Fraun- 
hofer liiu\s. As tlu^ sun’s radiation reaches the eartli, it is rnodifictl 
furtluT by alisorption by O^, water vapor, aji<l ozone in the 

various layers of the a-lmosphc:re. Tyiiical values for the radiant 
power of sunliglit at th(‘ earth’s surFac'e in various sjiectral regions at 
noon on a eli^ar day are: given by biickiesh.^** 


J. A. Andorsoii, Astropliya, Jour,^ 75, SOt (lUSsi). 
K. E<l|Lr<.rl<>n, Elvr. 50, (lOtU); II. 

hniiscii. Hvr. Sri. 3, 5115 (lOS'i). 

Mjitthew Liu'kicsh, (irrtNirit/aly KrylhrnmE (tmt 
1>. Van NoHtrainl (k)tiii>any, Inc;., lOKS. 
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CHAPTER 9 


Identification of Spectrum Lines 


Thk atoms of the chemical elements that have been studied 
spectroscopically are found to enait, in their various stages of ioniza- 
tion, millions of spectrum lines of different wavelengths. Some of 
these lines are much stronger than others, so that most of the light 
emitted by atoms appears in a smaller number of lines, of which some 
,S50,000 have been measured and listed as to parent atom. Less than 
half of these have been classified as to exact mode of origin in the 
atom. 

Each of the hundreds of thousands of molecules produced by com- 
binations of the elementary atoms emits many characteristic bands. 
The study and elucidation of band spectra is a very important aspect 
of spectroscopy that is still in its infancy. Only in the case of di- 
atomic molecules have many bands been classified. 

Every s]>ectrum line has a definite wavelength, cdiaracteri.stic of the 
atom or molecule that emits it and dependent to only slight degree on 
the electrical and magnetic surroundings of that atom or molecule. 
The most [irecise means of identifying a, si)ectrum line is by its wave- 
length, which in much of the spectrum (‘an be determined to seven 
significant figures, in scune cases to eight. Other less positive nu*ans 
of identification are by observation of the intensity of the line relative 
to other lines in the same spectrum, of the patterns formed in the 
spectrum by groups of related lines arising from the same atom, and 
of the ladiavior of the line when the source of light from which it is 
emit ted is subjected to various external inHuen(!Cs, such as variations 
in tempc'rature, pressure, excitation, or eUn-tricr or magnetic field. 

In general, elements on the left-hand side of the periodic table emit 
comparatively simple spectra.. The conpilexity of the spectra 
emitted iucn'asc^s for the elenuMits in the middle of the tabl<‘ and 
diminishes again slightly for those on th<‘ right. 'I'lie breadth of 
spacing of linens in the patterns fornu^d by groups of spectrum liiuvs, 
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called 7milii'pleis , emitted by an element increases from top to bottom, 
of the periodic table. This widening canscs f>vcrlai>ping of patterns 
and an. apparent nicrcasc in complexity For the elements lying low 
in the table. Thus the .siinplc.st sv)ec;tra arc emitted by the elements 
in the upper left-hand corner of the table, and the most complex by 
those ill the middle Liotbom region. The two extremes are well 
represented by hydrogen and iiraniuni. 

9.1. Identification of Lines and Bands by Appearance. ICxpcri- 
ence soon brings the practicing .spcctroscoplst considerable familiarity 
with the appearance of characteristic spectra, so that he {;aii readily 
identify groups of lines at a glance. The color of the visible lines as 
seen in a spcctrosco]ic gives a ni*st clue; thus the two yellow lines of 
sodium, at 5B9(l and I'SHOU A, known as the J) tines, are familiar to 
almost every .scientist. On a spectrogram the t!olor is lost, but a 
miu-h more jirecise moans of Idcnti Herat ion is sutisti tilled — the position 
of the line on the plate relative to other lines. In Fig. 0.1, several 
chiiracterislic? spectra are shown, *Tlio speedra tif zinc iiiid cnihninm 
show triple groups of lines, of intensity diminishing toward shorter 



Fig. 9.2. Comparison spectrum for Identification purposes. TEic upper apcctni in 

i.H Llinl <»r iriiii, niu) Utr Inwer LlmL tiF ccipper. 


wavelengths, the Lriplels of carinruitn being si ii new hat more widely 
sepiinilerl Ihaii those of xine, 'Fhe s))ei'lrii of chopper, potassium, a ml 
rnhiiliiLjii <-oiiliiin obvious doublets, and the s]>LMdi'JL of LiLaniuni nn^l 
vanadium show more complex regularities. Iron shows few regii- 
larilies Lliat are immediately olivious, yet they exist in iirofusion. 
The cyanogen bands. are emilLefl strongly l>y ('N iiiole<‘iiles Fonned 
in the carbon arc burning in air mid are easy to ideiiLiFy by tlieir 
appearaiic?e, 

9.2. Identification by Comparison Spectra. Lines in tin imfaniilitir 
specLruin i^tni cronveiiiently be identified by n.siiig the method oF com- 
purisoii speed ra. The s|K>eLriim t>f the unknown material is photo- 
graphed cm the same plate as that of some? intiUM'ial whose speidi'iiiu 
is wtdl known, us in Fig. t>.^. Known lines oF Ibe raiiiiliai' sjieclrum 
can then be identified at intervals iLero.ss Liu* spectrogram, aiiil by 
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approximate interpolation the wavclcngtlis of the unknown lines enn 
be determined. The unknown may then l>e identified l)y the use of 
wavelength tables. In preparing such s])cctrogriiui.s, it is important 
to avoid Lateral dLsplacemcnt of the plate between the recording of 
tlic kno'wn and the unknown spectra. IF the j^latc is racked up or 
doAvn, one cannot be sure that this condition is fulfilled j and so use 
is made of dlapliragms or occullers to cover <lifTcrent parts of the slit 
or the plate during each of the exposures . XJic ITiirtiiiann dia-^ 
phragni,^ shown in Fig, 5.4, can be used on the .slit of a stiginatic 
spectrograph and produces a si>cctrogram <jf the type shown in 
Fig. 0.3. It is important to remember that the image of the slit 



Fig. 0.3. Comparison spectrogram taken with a Hartmann diaphragm. Top 

and bottom Hpc-cLra iiro c>C the iron arc*. I'l'ntor xjieclruia in leuil. 


on the plate is inverted; hence the iipjiei* portion of the slit cnri'c- 
spoiids to the lower spectrum. Cure .should be tiikeii not to jar the 
spectrograph wdien adjusting the diaphragm. 

Even with astigmatic iiistriimcnts, snJficieiit separiilioii Iwlwceii 
two spectra can be obtained with a II art maun diji])liragiii at the si it 


to make identification possible if the iistigniaLism xa snnill, Willi 

S(>cctrogrnplis having great astigmatism , it is useful provide an 

ocelli ter directly in front of the plate and as close to it ns possible. 

llii.s clia])liragLii can be moved up and down to iincsjver various ]>or- 

tions of the line length on the plate for tlie ]irodiicrl.ion of comparison 
s|)cctrii. 

lop quick ideutificution by coiii])ari.son spei’tra, a low- or iiiediiiin- 
]5rcssurc quarts mercury arc such as the I /fib-arc oi' l^vuirc is a ii.sefiil 
.source, because it can be kejit rcatlily av'aihiblc and fiiriii.slies a 
limited iiiiiiibcr of intense lines well distriluiled I hroiigliout the 
visiblt^ and ultraviolet regions. The liegi lining .s[)e<*lrosc()pist should 


■ J. liiiHtnjiiin. Zeitjt. f. Inatrumentenhnwlr. 20, 57 OrKHp. 
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acquaint himself with the apiii'oxiinittc wavelengths of the i^rincijial 
graups of mcreury lines, as given in 'I'lihle 0.1. 

To provide comparison speetpa having greater nnmk>ers of linc-s, a 
copper arc or spark or an iron arc will be found iiscfnl, the latter 
having the more complex spectrum. The wavelengths of the prin- 
cipal iron lines have been very carefully measured, and tlic spectrum 
is so rich tliiit a known line can be found every few angstroms. 

In many cases it is u.seful to expose a spectrogram to light from both 
a quartz mercury arc and an iron arc, the spectrum of the former 
being iisc<l for preliminary orientation and that of the latter for 
])i'ccise detenu in at ion of the wavelengths of Linlcnown lines. 


T'Viu^i*: 0.1 


(vuniirH rif MKitcimY Usk^ut. ri>it Wavhi^keccitii Iiikmtikication 
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9.3. Spectrum Charts for Comparison. Kiu‘1i spcclrogrtipli lias its 
own <*liara<rtcristic^ dispersion curve, relating the waveleuglhs of spec- 
trum lines to their positions on a spectrogram. Users of spectro- 
graphs find it trfniv'onieut to actainuilatc a set of standaril Hi)e(^trogranis 
on which wuvclcngtlis are marked f(»r ctui<'k idenl if legation of lines on 
ruLiire plate.s. S])ectrogranis of iiiikiiown niaterials produced wilii 
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tlic same bistrumcnt can then be fitted over these standiird plates, 
corresponding known lines being siipcrim posed, and other lines idcii' 
tified by inspection. Liines of striking intensity or pattern can be 



Fig. 9.4. The Judd -Lewis spectrum comparator, 
quickly identified by this means, aiul key lines <!iin be nuirked on 

tlie new specti’ogram. 

The spectra on such standard plates should not be (!ro\V(Jed Lo- 
goi her, but ft siifBcient width of clear plate slioiild be left lieLweeii to 
jjcimit recording wavelengths <)f iin|joiluiit lines in India ink. When 
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II marie is bo be pcrmaiiciit it should be placed ou the cnnilsioii side of 
Ihc plate, but if temporary only, on the i^lass side. The dry emulsion 
will biilce ink better if roughened with a rubber eraser. 

(.h)inT>ai‘ison of plates taken on the .same spectrograph can be aecoin- 
plLshctl l)y superiKi-sing plates on a vicwiiiR box. lnit»vari<ius clevieea 
are nianiifactured coiniuercially for doing' this without iiitroducniig 
actual contact between the ])hites. Of these, the Jiidd-Ijcwis Spec- 
trum Comparator, l^ig. 0.4, is typical. A suitable optical system 
ctuihles the observer to see the image of one .spectrogram superposed 
on that of the other, and by adjusting the po.sition of one ]jlate with 
a horizontal and a vertical screw or rack and pinion he can bring any 
spectrum line on thi.s plate hi to coincidence with tlic coiTCSponding 

line on the other. A library of staiidard films with wavelengths of 

■ 

important lines marked on them is provided with the spccbniin com- 
parator inannfiicLnrcd by the Applied Reseiirch Eahoratoi'ies, for use 
with their grating spectrograph. 'L’hese films can he projected 
directly on the Hcrcen of the spectrum comparnLor for rapid idcuLilica- 


tioii of lines. 

Although a set of marked .spcetrognim.s built up about a given 
iiistr\iineiit forms the most iiscEliI type of reference library for iden- 
tification of lilies by eoinparison, charts and atlases of spectra ui'C 
obtainable wliiirh c;an be of coiisitlerablc n.ssistance. The.sc are of 

greatest use for visual coiniiarisoii of line, patterns, 'Fhc value of the 

^ * m m m 

published charts is somewhat limited by variation in the di-spersum 
characteristicfs of difl'erciit specli'os<s>pi<r instruments, Ciratiiig sijcc- 
trograplis, liowev^er. give dispersion that is nearly uni form with wave- 
length; aiifl by varying the magnification in a projection device, one 
can proviilc any flispersinii de.sired. Hence grating sptudrograiiis cun 
usually be projected directly on coitiiuerc^ial charts iniide with grating 
instruments and can be t;om pared with them with relatively little 
error as a result of difVerenees in dispersion. 

'riie lU'iiuripal atlases of si>ectra that have lieeii printed or are 
available as pliotographie it?i»rculuctions are lisLc'd in "riilde Prob- 

ably the most generally useful of the cliarts are those of the spec’trum 
of iroji, since iron lines are so frecinently use<l for [siirposes of wave- 
leiigLh i< lei iLilica Lion. Many tif lliese iron charts have marked on 
them the positions of the pnnci]>al lines of ctllu'r eleiiiciiLs, so tliuL 
these can be identified by |>rojecliiig unidi'iilifieMl lines directly oil 


the I'harl, 
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TAHLK O.S 

IjTst ok <!!][AnTH A?fu An^aKH cjk Spkctiia* 

1 . J. M. Eficr anti E. Viilen La, Aliaa lypincher Spcklren. Vienna: A. Hiilclcr, 
1011. Contains repnxliietioiia of iiioi'c Lhnii GOO plHJtofjnijilis of flttinei are, 
and s{>ark spectra, Lakcn with glass and quartz pi‘i.stn spcetrograplus nncl with 
low-(lis|>crsiori grating.s. I'Totc Howland scale of wiwel(*iiglli.s. 

2. J. Bnrdct, jitlasf de Spocire d* Arc. Parts: G, Ooin, 1020. Cniilains 


charts of sensitive lines of the elcincnta, with tlie iron spectrum, taken w’iLh a 
prism, from 3500 tu 2500 A. 

3. F. I^wc, AiUts dor I^oizlcn Tdnien der VVic/uili^^ten lUlemenie, Dresden : 
Stcinkopf, 1028< Gun tains charts of .sensitive lines for 'JtO cleiiicnta taken 
with a small quartz .spectrograph in the region 4700 tcj 2200 A. 

4. G, Scheibe and G. F. LLmlstr^iii, Taftcllcfi dcti Funkciir- imd lioffen- 
spekimiTii des Kia&nSt etc. Bcrliii-Stcglitz: H. Fiiesa, 1033. Cluirtst> fare mid 
spark speetm, in the range 3700 tu 2300 A. 

6. W, J. CttHik, AleialliiTffical Speciruni Anafj/»is, Staiifoisl Uiiiversity 
Press, 1035, Gives 20 charts of scn.sitivc liiie.s of the clenietits in the range 

5070 to 2700 A, and the iron spectrum in tlie range-s 5071 to ;>058 \ ntul 
3433 to 2704 A, ii.siiig grating. 

0. A. Gattcrer and J. Jiinkca, Allajr der l^esdinimi. CasLel Gandolffi, Italy: 
Spccola Vatieann, 1037. Contiiins 28 photographs of spccrLra in the range 
8000 to 2200 A, in are and .spark for 50 eleiiiejiLs, 

7. W. It. Br«)cle, {'fmmieal tSpaclroftcapj/ . New York: John Wilc'.v & Rons, 
1030. Coiitaiiiff 35 charts for the range 5000 to 2310 A, in the are, sliowitig Llic 
spectral lines of iron, with indicated positions of lines of other (^eineiiLs. 

8. A. Gattei'cr nncl J. Jijiikes, Sficktraji der eedetten F.rdvit, (‘ns lei Gan- 
dolfo, Italy: Spceoln Vatienna, 1045. Contains 45 pages of .speeti'iiin c'liarts 
of the rare carth.s taken with prism speetrogra])h. Ai-e .spt«‘tra, 7000 to 
2205 A; spark spectra, 4350 to 22(K> A. 

0. A. ITilgcr, Ltd., Txindoii. CharLs of spectra lukeu witli a c|iuirlz iirisin 

spectrograph of It.U. powder (mixture of 50 eleiiieiils) and tif iron, chopper, 
neon, niicl lieliuin. 

10. Churls of the Trnti Spectrum Vhatugrrtphvd- (U the AfftssuvhitsvUs 

of Technology. Cambridge, Ala ■ m I Jarrell- Ash (hi. Cfinlnins 1 0 niiirk<‘tl aial 

mouiiLcs] s]icetruiii charts, each 20 in. lung, of the iron arc Lukoii with a 35-ft 
concave grating. 


Adam Hilger, Ltd., Imii issued a set of spectrum erharts sliowdtig at 
least .seven important lines of eiicli inchided dement. ^Plii.s Hrrii also 
furnishes a so-called TL. XJ. {raies itUiines) pow'^tler, which f^cmliiiiis a 
mixture of chemical elcment.s in such proportiniis tliiit sc; von or imire 
lines of the most important elements w'lll apjiear when tlu^ material 
is biii’iicd ill ati arc. ^Pliis powder is convi'iiieiiL for use in (pnililul i\'e 

lliiHL'd iJi) nil nrllclc hy (j. H. l-fiirrisi»ii, Jour. App. l*hui*.. 10, 700 (lirtf)), hy |H?r- 
mis^ion of Uml Jmirniil. i 
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K I }cc;trog rapine: aiialy.sis, to determine the presence or absenee of any 
given ehemieal elcineiit. 

9.4. Identification of Lines by Wavelength Determination. Spec- 
triiTii lines can be identified most actciii'ately l>y measure in cub of their 
wiiveleiigblis. In a simple spectrum, ii line can visiinlly be identined 
if its wavelength is determined witli a precision of a few tenths of an 
angstrom, or even more. Several other strong lines of the elcmeiil 
can he looked for to establish the presence or absence of the element 
ill the source. In more eom])lcx s]>ecrtra it often boeoiiics i in port an I 
to know wavelengths to within dbfi.Ol A, wdicrciis for tm'iii analysis 
of a really complex spectrum, wavelength precision to zt 0.001 A is 
desirable. Fortiiimtcly, the broadest lines, who.se wavelengths are 
most difficult to determine pi'cciscly, usually ari.sc from the simplest 
spectra. Lines emitted by suc:h atoms as the rare cartlis nr uvaiiiiim 
are usually sharp and well defined. Sharp lino.s can be mciisured 
with large difV'i'a(‘tlon gratings to within a few thou.snndtlis of a-n 
angstrom, and when improved standard lines become available, pre- 
c‘ision to rhO.OOl A .should not he niuisiial. With in Lerferoineier-s, 
wavelengths of sharp lines can he ineasurccl to =i= 0.0001 A, or 1 part 
in 50 million or belter (('liapLer i^O). 

Wavelength measurement with an ordinary spectrograph involves 
<leterniinitig llie location of a line on the plate relative to known lines 
and also deter mil liiig the positions of the known linc.H so the <U.sper.sioti 
of the ]>late can he com }m ted. The dispersion of a pn.sin s]>ccrtro- 
graph varies so rapidly with wavelength that it is iiecseHsary to use a 
caivfiilly plotted disper.sioii curve, or if very ]ircc;isc dc^termiiiutinus 
are needed, to niiike interpolation calculations of tire type dl.se u.ssod 
ill ^ O.fi. Known com])anson lines are then iiee<]e<l on the plate at 
very clo.se intervals. For a small firisni s])ectrogriipli, where precision 
to only 0.1 A is retpiired, a <lispersion <'urve simihir to that shown in 
Fig. O.fi can be plotted on cros.s-si:<‘tioii paper. The scale of tlie plot 
should be fairly large, 0.1 inm on the position scale i:orr('!S])oii(liiig t.o 
0.1 A if the fifth figure ctf I he wiiveleiigLli is to be (ronsiderer I signifi- 
cant. 'I'll IIS iL slieet of ]ia]jer a meU'r long would be retpiired to crover 
0000 angstroms, and to nuu-h greater accunu:y would re<[ulre use cif 
an iiK'onvenientiy large slieet. 

Since a long narrow sheet of fiaper is more readily obi ainable: and 
handled than a large sciiiare sheet, it is useful to bi'<*ak up I he inli'i*- 
polalioii pro(‘ess into two parts, a linear portion, iniirked .1 in Fig. 0.0, 
nn<i a resit Inal part. Part .<4 nuetl not be plot Led. sinee linear etniipii- 
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tations are readily carried out* and the residual can be plotted a* a 
correction curve m a form similar to Fig. 0.7. 

Wavelength measurements should always be supplemented by 



Plate Distance in mms 

Fig. 9.5. Dispersion curve for a prism spectrograph. 

■ 

intensity estimates, since the intensity of a line often gives secontlary 
information that is revealing and eonliriiititory (§ 0.0). 

9.S. Measurement of Spectrograms. DisUinc:es ahnig the plale 
con be measured with a celluloid rule calibratctl in centinietei's, if 



Fig. 9.6. Approximation of a dispersion curve C by a straight line, A. 
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cstimntcs to 0.1 mm will suffice for the ricsircd precision* Lines pro- 
tliicccl l>y small prism spectrographs can be mcnsiirecl in this way with 
ail uncertainty of 1 to 10 angstroms, depending on. the spectral region 
involved, and those pro<^liiccd by large grating spectrographs to 

within 0.06 A, Some spectrographs are provided with wavelciigtli 

■ 

or frequency scales. These are inferior in accuracy to separate 
millimeter scales but reduce the necessary computation. 

Improved precision can be obtained by using a spectrum iniiginficr. 
A typical instrument of this sort, with SO mm scale calihrLiLe<] to 
0.1 min, is maiiuriicturcd by Htnisch & Lomb. It is arranged to be 
placed directly against the emulsion side of the plate, thus avoi fling 
errors due to ])arallax. This scale cun be i^sad to ±0,01 mm. The 
eyepiece is adjustable and should be carefully focused on the scale 

hy each observer. 

I 



Fig. 9.7r Correction curve, /J, to bo usocl with the linear approzifnatloii of 

Fig. 9.6. 

For iiieasiirenieiit of Hainan spcclra. in which weak tind (li(Yi)se 
linrs are coiinimii and exlivtne precisifiii is iinnecc'ssiiry* [losilivc 
prints enlarged aptiroxiintilely 10 times are useful. Sinrli lines are 
(liOieiiU to TiuNKsiire on tlie negative under iiiiigtiifieiition, especially on 
the fast and grainy jilales iisim] in pIiftlogriLpliiiig Itiinuin spectra. 

9.6. Use of the Comparator. Preci.se wavelength nieasiireinciitSi 
lire earriefl out on a speetruni'iueasiirhig (Uigiiie or wavelength com- 
parator. A ly]>ieal comparator, tnaiiiiriic! lured liy Aflnin llilgcM", 
Lid,, i.s illnslraLed in l*'ig. i).K. ( ^uinjuiriiLors are of Lwo basic types, 
those in \vhif!h the microscope (and llie <ihserver\H eye) is moved, and 
those ill wliieh the plate is moved. '^Phe foi'mer is Die .simpler itieLluid, 
since Ihe niicrosf^ope can he ciirricd on a corn pa rati vedy short carriage 
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Fig. 9.8, wavelength coinparator, Model L7d. 



Pig, 9.9. Optical diagram of JarrelLAah projection comparator JA-200. 1 

lifimp; 2. 1], condensing lenses; 3, slit and filter; 4, l-l, 1.‘3, firKt'Surfiicc mirrors 
5 , '7, 13, projection Senses; d, pInCe being mcasiirccl; 1*2, coiiipurisnn plate; H 
screen occitller; 0, iidjustfible slit; tO. photocell (biirricr-Jayur Lyptd; Id, screen 
17, observer’s eye. (Courtesy J«rrell-Ash Comnanv. Uoshnn. AT .^*1' 
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which slidcH on ways that need be only as long as the length of this 
carriage phis the amount of motion desired. When the entire y>latc 
is moved, the length of tlic ways must be at least equal to the length 
of the plate carriage plus the amount of motion required. Thus, to 
I'cad from end to end of a 10-in. plate witiiout resetting would require 
a comparator more than 20 hi. long, riowever, this arrangement 
results in higher over-all precision and greater convenience. 



Fig. 9.10. Jarrell-Ash projocLion comparator, Model JA200« 


'file plate i.s usually observed through a niitjrostrope prcivided with 
an eyejiieee in wliicdi <“ross hairs are inoiiuted Lo serve a.s fidiic'iitl 
marks. ^Fliis inieroseope kIiouIcI inagiiiry I lie spt'elrilin lines by titit 
more ihan lo diaineler.s, and 1I>X will lie round sa.lisftKd.ory h>>‘ all 

siicM'lni but those (containing the sharpest, lines. It is iindesira.bh'- Lo 
imigniry sfieelriiin lines by more llittn this amount, simre llie line 
eoiisi.sls merely of an elongated array of silver grains, mid the eye 
must. In* able Lo C‘sl ini tile the tcenU'r of gravily of this airray. Ch>ii- 
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trastj as well as density and symraetry, enters into this jiulgmcnt. 
Observation of a very diffuse line is sometimes facilitated by use of n 
dim inisliing lens. Usually, however^ a change in mugnification during 
n -series of measurements along a plate is not practicable. 

Some modern comparators use the projection system. A. beam 
from a low-power lamp is sent through the jslatc ns in a projection 
lantern^ and fin image of the plate is thrown on a screen in front of 
the operator. A. typical optica! system of this sort is shown in 
l?ig. 0.0, and a commercial instrument using this principle in Pig. 9.10. 
Advantages of this method are ease of superposing comparison spec- 
tra; improved comfort of the operator, who need not refocus his eyes 
between setting on the line and rending the compnriitor settles; and 

the possibility of using a hducinl mark 
of any desired shape, this being change- 
able at will by drawing an India-ink line 
on the ground-glass projection screen. 
Favorite forms of fiducial mark arc 
shown in Fig. 9.11. The chief disad- 
vantages of projection comparators nrc 
lack of compactness and susccjjtiljility 
to errors introduced by the heat from 
the projection lamp. 

Uefore mcastiriug a plate, it is desirable to place dots at the eiuls 

of a few identided lines, to sei've as reference marks. The plate to be 

measured (or film fastened on a glass plate) is clamped, emulsion 

.side up, on tlie comparator carriage. This carriage is mover! on 

ways by means of a screw, usually of 1 or S mm pitch. The screw 

is turned by a handle mounted on a drum that is usually cal i bruited 

with divisions mai'king 0.01 mm plate travel. Verniers make esti- 
mates possible to 0.001 mm. 

During measurement of a spcctrogi-am it is important that the 
()hitc be mounted so that the spectrum being measiirefl is closely 
parallel to the ways of the comparator and so that tlie distniice from 
the cniulsioii surface to the microscope oi* projection Iciis remains 
su Eficieii tly constant to ensure that the plate will not go out of f<')Ciis 
while being traversed from one end to the other. The plate should 
be mounted witli the emulsion side up, since measuring the lines 
through the glass may introduce errors due to variations in refraction. 
Ill Some compiirators a means is provided of freeing tlie carriage from 
tlie SCI ew that drives it, so that the plate can be slid, rapitlly from 


I I I'l 

ib) tc) (d> 
Fig. 0 . 11 , Convenient 

forma of fiducial marks for 
use Jo projection compara- 
tors. 
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one einl to the other to make sure that tlie lines rcmiiiii in Focus and 
ill the liehL 

The eyepiece oF the comptirnlor should first he Pocuscil on the cross 
luiirs, and tlien tlic inicruseope should be cnrefuliy focused on the lines 
by the parallax mcthod» in which one moves the eye slightly from side 
to side to make sure that the imiigc of a cross hair moves with that 
of the spectniin line. One cross hair should be adjusted to he closely 
parallel to the lines (thougli it is not nccessuTy that these be at right 
angles to the screw), to ensure that the same part of each line will be 
mciisurcd from one end of the spectrum to the other. Chiinge of 
inclination of the line of traverse acros.s the plate will obviously cluuige 
the observed dispersion. 

With in cas LI rein cuts being .started at one end of the plate, a line is 
liroiight into view mid the coinpiinitor is adjusted until an iu?ciirate 
setting of the vertical cross hair on th(» eeiitcw of the line is aehievc-d. 
The ol).server then makes entries in his notebook, recording the screw 
reading in inilliineters and the drum rcailing in thousancllhs of ti 


iinlliiiu'ter followed by an estimate of the intensity of the line. 


In- 


tensity estiinates may i)e made on n scale of 0 to HI, ti to ItiC), ti to ItiOO, 
or even greater. At first, inten.sity eslinuites will be liapliaKard, Init 
lifter sonic pratrtitre the oliservcr should be able to make fairly Hclf- 
consistent estiniiites. After deeiilliig on llic line inten.sity, he may 
put down in a lieintirks coliiniii .soriu; c^oiinneiit .such a.s /£, .v, Jt, 
or oilier notation as given In 'ruble ti.3, to ilcscrihc the character of 

the line. 


'I'aulk ».;i 


I)l■>^^‘llll*TI^■K No'I'ATION Sl’FC’TltCM I-ENKB* 

hfi Itaiifl hc‘ii(l 

r ( linv 

(/ Diiiililc* liiit* 

h lliiKy. rlilViisr, tii'liiiioiis 

til As,^'lnll 1 rlri('lll. liciivy Itiwjinl long waiv«'lciigt ii.s 

<1, Asjk'xuiK'triciil, liE'iiv’yr i.Mwiiri] sluiri wawlcjigllia 

r Slight 1v srl r-n*v*‘ 1 

I{ Ili'iiA'lly -S'lr-revi^rstJii 

jv Sliiirfi 

71 ! 

It’ Vrry 

* AihipU'il friitii In.'tlitutf ipf I'ccii- 

noltMjtf \\’ttrrfrn‘jth (•('iicml 
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Comparators Lisually have a certain ainount of backlash between 
the screw and the nut, and settings should be made by approaching 
a|l tines from the same side. If the operator decides that lie has 
overshot the center of gravity of n line, he should reverse the screw 
by at least half a turn and approacli the line again. 

To reduce backlash, comparators are sometimes provided with 
counterweights which keep the carriage pushed against the screw 
which drives the nut. Others are provideil with split nubs with 
built-in springs that automatically keep the tension uni form and 
reduce the backlash. Even when one of these provisions is made, 
however, it is desirable to approach all spectrum lines from the same 
side in ajiy series of mcasii remen ts. 

With a carefully made comparator, it should be possiide to rejicnl 
single readings to within 0,002 mtn or even better, but this limit will 
depend on many factors besides the judgment of the operator, suefi 
as backlash, the thickness and viseosity of the oil film separating the 
nut from the screw, friction in the bearings, elasticity in the mctiil, 
and so on. Oomparntors are available for astronomical work in 
which motions in two directions can be measured. Additional data 
on comparator construction are given in §0.11. 

0.7. Calculation of Wavelengths. When wavelength.s arc to be 
determined to a precision greater than ±0.1 .A, they imist be cid- 
culiitcd unless an automatic comparator is useil (§ f).11). If statiflard 
reference lines are close together, linear i n ter pula tioii can be used, 
especially Avith gmbing spectrograms for which the disfiersion curve is 
almost linear when wavelength is plotbcrl against position on the plate. 
W^ith prism spectrograms, the wavoleiigtli-dispersion cuiwe is far frorji 
linear, though a soraeAvhat flatter curve is obtained when wave 
iiunihers or frequency units are plotted instead of wavelengths. 

The plate factor of a spectrogram should always be mcasurcrl in 
angstroms per niilliineter. The tendency of some beginning spcctrog- 
raphers to calculate “dispersion** in angstroms per inch Ls to be dis- 
couraged because of the couA'^enience of using a coiiiinon sy.stciii 
among all spcctroscopists. 

As an cxauiple of linear interpolation, take the case of two linos ,'l 
and By shown in Tig. 0.1®, lying between two known lines w'hosi* 
wavelengths are as given in the figure. 13y means of a eoininirn tt>r, 
the di.staiice from stttndard 1 to line A is iTica.siircd as 4.S8 mm, lo 
line /i as 7.00 mm and to standard 2 as 11.21 nini. Since the distance 
betAA'ecii the two standards is 11.21 inm and the difTerence in their 
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wiivclcLigths is ltS.50 A, the plate factor in this region is l.SOO A per 
millimeter. The distance from standard 1 to line A can then be 
multiplied by this plate factor bo give a wavelength difference of 
5.90 A, which, when ad<lcd to the wavelength of standimi 1, gives 
4000.21 A as the wavelength of line A. This process may be re]}eated 
to determine the wavelengths of unknenvn lines by extraj>olution for 
a short distance beyond the second standiird, the limitation being 

I 2 

Standard spectrum I 1 I I 

Unknown spectrum | | 

A B 

Fig. 9.12. Wavelength moastirement hy linear interpolation. 


that the departure From linearity niiiKt not be greater than the 
inaxiinuni error that can be tolerated in the wavelength determina^ 
lions. 

Wlierc greater pretrision is desired, uonlinciiL* interpolation formnlas 
can he used with either grating or pi'i.sm spectrograms. TTarLiiiatin*s® 
interpolaliou fonniila is the best known of tliose. ft may l>e writ ton 
simply as 



where X is the wavelength tif the unknown line, Xo is a wnveleiigtli 
which is consUuit for a given ]>late, T' Is a eonstaiit for the plate, and 
d is the clislaiiee measured along tlio phiU* froiii d^^ 'wirn^li is some 
definite [loiiit on a linear scale, 'Tlio Lliitu^ crons tan ts Xn> (\ and do 
can he calculated hy siihstiluLiiig the wiivelengths and comparator 
Headings of three known lines in the above (Hjiiatioii aiuL lUen solving 
the three e4(iiatioii.s .sinniltaiieoLi.sly. Du substiLuLiiig in the e(|uatioii 
the values of tlie eou.staiits .so deterinineil, the wavelength of any 
unknown line can be cralciilatcd From tLs position. 

Ilarbiniinn's formula is used iiiiudi lc.ss rre<|ueiiLly nowadays than 
formerlj'^, since the wavelengths of so many lines are known with 
high precision that linear interpoliLtioii between known lines suflhrcs 
for most wavelength deterininnlifms. KurLlieriiiore, ]iris]ii .specLi’o- 
gniplis are sel4h>ni use<l For precise wavehMiglli (lcler]ninali«>ns, and 
linear iiitcrpoliiLioii serves with diirracLioti graliiigs. 

'riie melhod of coiHridrtirt^a is scuuetimes used in nieiusiiring wave- 




^ J. J Ixirt II11I iin, AMtraftft//.y. ,/oHr^, 8 , rilH (I SDH) 
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Icngtbd with diffraction gratings, though it has been restricted in tlio 
past principally to setting up wavelength scales, and the modern 
interferometer lias made this procedure unnecessary. The method 
of coincidences makes use of the fact that in diffraetion^grating spcctm 
n first-order line of wavelength X should theomtically occur in the 
same position as a second-order line of wavelength X/2, a third-order 
line of wavelength X/3, and so on. Since diffraction gratings are 
imperfect optical instruments, this method gives only approximate 
results, and gross errors may result if it is relied on entirely, Row- 
land’s original wavelength scale,® built up by this system, ultimately 
was found to have errors in some regions of the spectrum of several 
tenths of an angstrom. Rrrors produced by using the method of 
coincidences vary from grating to grating but arc usually of the order 
of a few tlio Lisandths or hundredths of an angstrom. With a given 

grating, such errors depend on the density of exposure. This cIToct 

■ 

is closely related to target pattern and to the variation of line shape 
with order and with density of exposure. 

Overlapping orders are sometimes of value in identifying spectrum 
lines obtained with diffraction gratings, since it is often possible Lo 
identify lines of different orders by their appearance. Thus a second- 
order line at S300 A can rendiiy be distinguished from a first-order Hue 
at 4000 A, because the contrast of tlie xiliotographic emulsion is less 
for the shorter ivavelength than for the longer; one line will lin^'c a 
grayish tone and the other will be a dense black. The appcai-ancc of 
the Rowland ghosts (§ 5.3) and the lengths of lines can also be used on 
occasion to identify lines from different orders. 

For very accurate measurements of w’^aveleiigths, interferometers 
should be used, as discussed in Chapter 20. 

9.8. Standards of Wavelength. The lengths of light waves can be 
measured directly by means of interferometers (§ 20.2). Since the 
determination of a wavelength to 1 part in 5,000,000 or better is a very 
delicate and lengthy process, the procedure has been nclojjtcd of 
determining the wavelengths of a few lines very prcciselj'’ and then 
making measurements relative to these standard lines wdtii ordinary 
spectrographs. In practice, the red cadmium line at 0438.4000 A is 
taken as the primary standard of wavelength, and several hiMidiv<l 
other lines have been measured relative to this with iiitcrferonictcrs, 
and deGncd ns secondary and tertiary standards. 


® H. A. Rawland, Ccliectcd PJtyjtical Papers. 
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If new inea-siircinen tfj of the waveleiij^th of tlie primary standard 
* ► 

were always made in terms of the stniidurd meter bar, the iLoecpted 
wavelengths t)f all spctjtpiim lines would have to be changed every 
time improved measurements of either were made. 'Jlo avoid the 
necessity of making such corrections, tlic Intertiational Union for 
Cooperation in Solar lleaearch* in 1907 adopted the following resolu- 
tion : *‘'Flie wavelength of the red ray of light from cadmium produced 
by a tube with electrodes is 0488.4000 A, in di'y air, at on 

the hydrogen thermometer, at ii pressui*e of 760 nim of mercury, the 
value of g being 980.07, This number will be the delinitioii of the 
unit of wavelength.’* Hence the International Uriniary Standard of 
Wavelength C\l 04S8.4G00 A is cxatjtly correct by definition, even 
though its value is known in terms of the .standard meter bur to only 
about 1 part in 10,000,000. An angstrom, written A, is tluis defined 


to be 


1 

0408.4090 


of the wavelength of tlic cadmium red line, and not, ns 


previously, lO”** cm (written A). 

^I'hc In tern alio II 11 1 Astronomical Unioii*^ has set ii}i a mimbcr of 
international secondary standards of wavelength, using only lines that 
have been measured concctrdaiitly and liiclepeiulen tly iii nt least three 
laboratories, usiudly with Fabry-Perot e talons 20. fl). Many of 
these .secondary standards are lines of noon and krypton, nnd are 
known relative to each other nnd bo the primary .sLandiird to witliiii 
O.OOOl A, or about 1 part in <'59,066,000. A still larger iniinber of 
iron linos have been measiiriUl with the elubni interferoiiiotcr, and 
some of these have been adopted ivs seeomltiry stnndarils. These 
lines are liroacler tliaii tliose of the rare gases and presumably are 
correc^t only to within 0.00 1 A. 'ruble 0.4, page 2L8, coit tains ji list of 
]>ijblicnbions giving the adopted sec'Oiuhu'y slandards. 

'Hie stiiiuLard Pfund arc (§8.12) is iiseil for ]>rodueing the iron 
secoiitlary standards, light being taken only from I'c^gii^ns iinb closer 
than 7 mm to an elec^lrotle (to avoiil wavelength shifts <1110 t<i stremg 
cle<‘Lrii: fields near the electrodes, known as pole c/Tre/). 'riiis pre- 
caution i-aii be observed only iit wavelengths bebjw 4566 A, liowever, 
simre at longer wavelengths it is foiiiul iiecessury to use a shorter arc 
to bring out tlic desired lines; but pole efVecls are less likely to iietmr 
to lines in this spectrum region. 

'File secoiitlary slanilarils leave little to he desired with respect to 


• Trtttifi. luf, i'nifiit Setlitr 2, UK) pllllT). 

^ TrttUH, tilt. .Astroit. f'wiriM, 6, 741 I. 
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1. Coznoi ission 14, Wavelength Staiiflanla, I'Tana. Ini. Aslron. XJnUmt 1| 

SS contains 403 sccondnry aiicl tertiary ataiichircls in the range 70S'® 

to 8370 A, for iron and neon, given to 0.00] u'itli inteiwity mtigo 1 lo 10« 
Trans. Ini. Astron. Union, 2, 40 (1925), contain.s 4 neon Jincs in range 753T-j 
0020 A, gh^en to 0,001 A, adopted os secondary standards. Other lines listeil 
but not adopter]. Trans* Ini. Asiron. Union, 3| 77 (1028), contains lilies 
in the range 7585 to 3370 A, in arc and discharge for iron and noon, given to 
0.001 A, with intensity range 1 to 10. Ilcvision of standards, including provi- 
sional standards as well as adopted standards. Trans. Ini. Astron. XJnwn» 4i 
5S (1033), contains SIS lines in range 8002 to 341 A, in standard nre, ^vaciinni 
arc, and diacliarge, for six elements, given to 0.001 and 0.0001 A, 3 iron and 
10 krypton standards adopted. Corrections to 1022 table given. SranSi 
Ini. Astron* Union^ S, 81 (1085), contains 201 linc.s in the range 10,210 to 
500 A, in standard arc, vacuum arc, and discliai'gc, for seven elcnienUs, given 
to 0,001 and 0.0001 A, with intensit 3 » range I to 1500, Jvr,ypt(Jii aiicI iie<»ii 
standards adopted, Trans, Ird. Asiron. Union, 6| 70 (1038)i ctJiitniiis 271 
lines in the range 3845 to 2100 A, in arc and dischai'go, for inm and krypton* 
given to 0.001 and 0.0001 A, nnth those adopted as .standards, 

2. W. F. ATcggcrs, Not. Bur. Standards Jour. Res., 14, 83 (1085), con Inina 
01 luies in tlie range 10,210 to 7164 A, in the short inm are, given to 0,001 A, 
with inteii.sity I’angc I to 1500. A'aL Uur. Standards Jour. Res*, 18, ^548 
(1937), contains 242 lines in the range 3497 to 2100 A, in the standard iron 
arc, given to 0.001 and 0.0001 A. 

9. W. F. Meggers, Proceedings Sixth Confere?ine on Spsclroscopj/ (Wiley, 
New York, 1030), page llfl, conUiins 346 liuc.s in the range 7082 to 2447 A, hi 
arc and discharge, for iron, neon, and krypton, given to 0.001 and 0.0001 A. 
Collection of all adopted secondary sUmdnrds. 

4. F. Twymaii and D, M. Smith, U'ai-clenglk Tables for Speciritat Analpsis^ 
2d ed. (Hilger, London, 1031), page 13, contains 505 lines in tlic range <(75(J l« 
2337 A, For staiidai'd arc and discharge, for iron, helium, and neoti. gix'cii l« 
O.OOl A, with intcnsit3' range 1 to 10. Collocticm of adopted standard.^ iirid 
other accurate nicasLircmetits. 

5. W. 11. llrudc, Chemical Spectroscopy (Wiley, New York, 1039), pago 887. 
In list of piineipal iron lines, gives adopted secondary standards. 


precision but are somewhat lacking in iiiimbep, di.stribiition, suitiibilily 
for obtaining various forms of excitation, and desirable variety iind 
uniformity of phy.sical characteristics. A discussion of the 1088 staLiis 
of wavelength standards has been given by W. F, Meggers,® ]:)i'Gsi<Jent 
of that commission of the I.A.U. charged with the responsibility for 
these standards. 

Ba.Hcd (}ii ji list given by G. R, HarH^>n, Jour. App. Phys.. 10, 700 (108!)), hy 
IscrtnlnRirtii of thiLl Juiirnnl. 
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Spectral regions .sliorbcr than ^l!47 A and longer timii 0078 A are 
thus far unprovided with official wavelength stLindiirds. but for most 
routine piirj)oscs wavelengths of known spec; bruin lines suitable for 
use ns standards iu these regions cnii be obtained from wavelength 
tables . 

Wavelengths measured before 1910 or tliercubouts are on a difTcrciiL 
scale from that of the international angstrom and should L>c corrected 
before use. IVXost such measurements arc on llowlancFs scale. 
ICayser (General Reference 9.1, Vol. VI, page 801 (1012)), gives 
corrections that should be applied to change original angsti'oiiis (A) 
to intci'uabioiial angstroms (A). 

In addition to the International Secondary Standards, a group of 
tertiary standards has been set up, but these arc relatively iininipor- 
bant, and many wavelengths given in spectroscopic tables arc of 
comparable accuracy. The tertiary .stamlards have been measured 
with large diffraction-grating s])ocbrogra])Us. Such wavelength dclcr- 
minations are liiuibcd in precision by several factors, most of which 
arc related bo the fact that many diffraction gratii^gs produce uiisyin- 
iiicbrical spcctrLitu lines, which vary in .shajjc witli density of cx.posure. 
The trenter of gravity of the line may shift with density owing to the 
nonlinearity of the characteristic curve of the eniiilsioti and the 
coiupIcTc forms of the lines produced by the grating. It is uHiially 
necessary to photograph at one time many linos of widely dillVivut 
intensities. When a broad region of the spccitruiii is eoveitjcl in n 
single OKposui'e, as is becoming increasingly coiutiioti, it is difficult to 
have all standard lines of the ])ropci' density. 

Staiulards measured by interfcronictors <'an be cffec*Lively siipple- 
iiioiileil by those obtained by (^onipuialioii, if we niiike use of the 
Rilz combi nalioii })riiicriple, that eacli spcclnil lino {!or responds bo the 
differeiuro in ejiergy between two levels (§ lt).l). In ii cniiiplex atom 
ciwli energy level Jiiay give rise to niiuiy sjjetrtniiii lines, and wboii the 
wavelengths of a number of lines have been ineiusnretl with sufficient 
acciirac^v tcj deLermine a large number of the energy levels precisely, 
Llie wavelengths of other lines arising from these levels can bo com- 
puted with (V high degi'ee of act^uracy. Ily tliLs means, wavelength 
scales ('Hii be smoothed out and niiule sclf-consisteiiL. This pL'occclurc 
is f)arlieiilarly vaUialiLo fur the iiifrarod region. 

9.9. Intensity Estimates. An iiuporlatil part of the description of 
a .spci;Lriim line is an esliinuLe of its inlensily relalive to oilier lines 
in the .same spectram. Abilily to estimate inletisiLies on a uniform 
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Scale can be acquired only by cjqierience, A good intensity cstinmto 

IS often more satisfactory tlian a very precise intensity dctcrininntioii^ 

because tbe actual intensity of a spectrum line depends on lUiiny 

factors* including the type of s])ectrogrnpli and i 3 liott)grajjhic ciiiulsioit 

used* the metlio-d of source excitation, and the characteristics of tho 
atom emitting tJxe line. 

It is important to differentiate clearly between two needs for inten- 
sity estitnaies. The fiindnmenlal need is tlint of deterniining the 
probability that an atom will emit a certain specrtruin line under cciv 
tain conditions, relative to its probability of emitting another line* 
The second need is tliat oP the specti'oscopist who is interested merely 
in the actual density of a line as it can be expected to appear on his 
spectrum plate. For this piirjjose, no method oP determining spetArnl 

intensities has been developed which is more satisfactory tJiaii a good 
visual estimate. 

One of the most uniform intensity scales is that of A. S. ICing, wliOj 

in the course of a long lifetime spent at jMonnt Wilson Observatory 

in incasuring spectrograms and estimating intensities, devcloiK'd ft 

remarkably uniform and self -consistent scale. Itussell ® has sIkuvii 

that hjiig s intensity estimates vary approximately as tlie square root 
of the true intensity of the line. 

The older intensity scales ordinarily ran from 1 to 10, with nd( litioiia 
at l>oth ends, a spectroscopist found lines fainter than those 

he had been calling 1 he called them 0 or 00, and often progresses! 
as far as 0000. If the line were stronger than 10, he might c*all it 
or 15. Aloderti workers have found that an expanded st;ale is 
useful, particularly since the tendency in making an eye estimulo ia 
to compiess the true intensity scale, strting lines appearing relatively 
weaker than is juatihed. jNIeggers and other w'orkers at the Hui’t'au 
of Standards use a scale that goes uyi to 10,000, and the intensily 
scale in the 3£ cis/tcichiiselis I?iatilnte of Technoloffy IVnvcletif/th 
iiins from 2 to 10,000, lines fainter than ^ having been arbitrarily 
excluded, Even on these expanded scales all iiiiinbcrs arc not used, 
th^ numbers most commonly used by spectroscopists l>cing 0, I, S, 
3, 5, 8, 10, 12, 15, eo, 25, 35, 50, 00, 70. 80, 100, 120, 1.50, 200, 300, 
400* 500* 700, XOOO, 1200, 1500, 2000, 3000, 5000, and 10,000, with 
occasional interpolations between these. 

W iieri one estimates the intensity of a Hue, its width and .s]in]jc 

“ H. N. Jtusficll, Proc. Nat, Acad, Sci„ 11 , 314 ami 302 ( 1025 ). 
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probably contribute as niiicli to the catiiuatc ns its maximnni density. 
A skilJfiil estimator takes into account the general integrated intensity 
of the Hue, iiicliuling something for self-absorption (§ 10.0), as shown 
by the changed shape of the line. 

The precise determination of intensity is a complex and difficult 
process, since so many variahles must be taken into account.’ T^his 
precision is not needed and, in fac^t, is not what is w'unted for spectral 
in tensities to be used in connection with wavelength tables. 

9,10. Catalogues of Wavelengths, Wiivclengllis are cniivimicntly 
listed ill two types of catalogues, the first giving in order of wave- 
length the lines known to be emitted by a particular tyiic of atom or 
molecule, and the .second listing wai-^clcngtlis in order, followed by 

the atom or molecule of origin. 

Spcctrochciiiu?al c[uaUtativc analysis rec[uii‘os use of only a few of 
the most sensitive lines of each clenieiit, and these are most con- 


veniently obtained from brief tables listing from /jOO Lt> rSOOO lines. 
SlicIi tables are given in Api)Ci\dit:es I and 11 of this book. 

'riie best-known iiu^hisive tables of specdriim wavelciigllis for atomic 
liiie.s arc listed in 'Fable 9.5. Outsta[iding is Kayscr’s iiKnuLinciilui 
Jfaitdhttch tier l^peclroitctipit\ (ieneral lletVronce 9.1, with data on 

lines. Many wavelength dalii iiieliided in this are n<nv out- 
<lated, howevtM*. Although parts <if Volumes Vll and VI 11 c'oidaiii 
(lata obtained for certain elements as recently as IDll-t, no data ob- 
tained later than 1011 are in cl titled for some 40 clcineiils. 


'rADl.K a.fj 


[nCIjCHIV'K 'I'aIH.KH UK Hd'K’Tlll'M IjINHH* 

]. ir, TCiiyscr, /Idtttlhttf’h tier SfH’t'irttMrttfue (IlirKcl. Leipzig}. ^ ul. V (11)10), 

cniiliuiis iihiail 'iO.OUO lines in the- riiiige JSU.IOO lu J 000 In arc. «|nirk. dis- 
ci l urge in it I flume, fur li* i‘l(*iiieii Ls, .'\ to N, mvcii iiioslly t.iiO.Ol .V, witli iiiLeii- 
-sil.v nmge I to oOO. C^mLiiiiis Liilile uf air liii(‘.s aiul iilsu .sonic band heads. 
Null* l{uwluiid seiilt*. VnliiiiK? VT (101^) coiiliiiiiH about .10,000 lines in the 
i-iinge 8000 lu "■'(lOO .-V, in arc, spark, tliscliargc, and flame, for -H elcinciils, 
Na Lo Zr, given iiui-sll.v In O.OI In 0.001 A. willi inlciisil y range 1 U> 10. .Vl.so 
cniitnins lid>les nf inni lines, wiivelciigUi riinge 0000 Ut •2'ZiH) A. prineiiiul lines, 
win elciiglh niiige »l,000 tu I8.i0 A. ami hanti heads. Note iiiustly ItuwlamI 

scale. 


^ Si't* (i, ll. Iluri'isca, w/tmr. Oyi/. ,Sfir. .'Ifff., 17, IJHI) 

1 . ihitl., 18, ^H7 flO'sJO); H. S. tM'Wiii’il, 37, 

* itasrd (111 nil arlicli* l>y (•. IL. I liirrisoji, ,/tinr. ^tpp. 
mission of lliiil .Joiinml. 


(1. It. lliirrjHiiii II lid II. 

(lOOIJ. 

10, 7«0 (MKlli) hy |)er- 
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«. H, Kayacr and H. Konen. Ilandbuch der S7}eclr€i9co'pie (Hi reel, T^i|r/ig), 
Vol* VII (Parts I, a. 8, 1 023^1 034), coiituiiis aluiiit 54,000 lines in the miiKc 
75,000 ta 70 A, in arc, apnrk, <liscliai-gc, and flaino for 40 elenioiils, given U> 
0.01 or 0.001 A, with intensity range 1 to 10. Also lalde of air lines. Voliitiio 
VIII (1034) e<in tains ahoiiL 42,000 lines in the range 40,300 hi 250 A, in nroi 
spark, and discharge, for 10 cloinciibs Ag to Cii, given to 0.01 «>r 0,001 A, xvith 

intensity' range 1 to 10. ■ i t 

S. I jiiulcilt- IJonistein, Phifsikalisrh-choinnicfie Pahvllen, llirgiin'/jiingrtljaiiei T, 

page 330, II, page o4fl. III, page 703 (Springer, llt^rliii, 1031-1035), eoiiLniiis 
about 10,000 lines in the range 74,300 to 401 A, in are, spark, and disc4inrge, 
f 4 ir 81 elements, given mostly to 0.01 A. Coiitaina also some band lioad-s and 

tables of intense and ultimate lines, ^ 

4. G, It. Harrison, ^imsnchu^cits liiHiitute of 'Pcchnoloffy Wavcletiffth I 
(Wilcyj New York. 1030), coiitain.s 100,475 lines, listeti according Lo wjivc- 
Icngtb, in the range 10,000 to 4000 A, in the arc, spark, and cliseliargo, for 
87 clcmcuts, given mostly to 0.001 A, with iiiLcnsity range from 1 tcj 300CI. 

Air lines and some band licnds included. 

5, F, ILxncr and E, Hascliek, Pie SpcklTCJi dof J^jlenn'iife bei hof tunic tn f)nieK 

(Hcutickc, Jjcipzig and Vienna, 1011), Vol. II, oonliiins ahtniL 00,000 liiuvs in 
the range 0800 bo 4200 A. in the arc, for 07 elements, given to 0.0 L A, with 
intensity range 1 to 1000; 414 baiiil heatls also listed. Volume HI trniiLuiiis 
al>out5G,000 lilies in the range C800 tti 2400 A, in the spark, hir 78 eleineuls, 
given to 0.01 A, with intensity range 1 to 1000; 107 luiiid.s idso lisled. Nolo 

Howland scale. 

0. P. Auger and others, Domi6eB num^rifftiee de eprrtroM'opie ((irtiilbier- 
A'illnM, Pari.s, 1010—1930), con tains ahoiit 1,50,000 lines (iiK'hidiiig diiplii'Ule.s) 
ill the range 10,000 lo 4000 A, in the are. sjiark, flame, ami dis^'hiirge^, [nr 
TO cic;iiieiits, given to 0.1 and 0.01 A, with iiiLeiisiL>' J'aiige 1 lo 1000. IrHiiiie 

1 lati ( Is also i nelndcd. , 

7. W. Jevcjns, IXcport on Hand Sptu'.lra of JJitUttnur Afolcrtdre ( I he Pliysi- 

cal Society. Loudon, 1!)34), wnitnins data on hamis of 144 iiioli'eiiles. 

8. W. ^Yei»:el, Ihitidburh dcr PxperituenlaiphiiBiIc, Krgtiii'AMngsliaiid I 
(Aka demise he VerhigsgcsellsehafL, r.t‘ipzig, 1931), eoiilains data on haiuls of 
ahoiiL I. 50 uiolcetilc.s. 


A catalogue containing more than 300,000 entries, eomprisiiig all 
wavelength measurements ou iitoniic lines given in the liLenitiire up 
to 1030, has been compiled at the MnssatrliiiseLts Instil iile of 'Tcfli- 
iiology by WPA workei's, but this has not appeared in printed ffirin. 

Kuyser'.s Tahelle der Pfaiipllimen der Linicmtpvklren alter IClcittettUu 
appearing in its latest edition in 1030 under the editorsliip of KtiysiT 
and Ititschl (General Reference 0.4), lists 47,000 lines in the ortler of 
waveleiigth.s in the range 00,850 to 33 A, in arc, spark, ami discharge 
tube for 88 elements, wdtli wavelengths given to one or t\v<5 figures 
after the clocimnl. 
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In lOSOs the M.aHitaohuseUs liuitiiiite oj Technology ^Vttvel&nglk 
Tables (General ilcfereiicu 0.3), giving tlie 100,375 strongest lines 
lying between 10,000 and 3000 A from neutral atoms and those in 

their first stage of ioniKation, were published. In these tables, the 

■ ^ 

lines are listed in order of wavelength, folio we<l by the parent element. 
Abbreviated tables of wavelengths useful in spectrochcrnioiil atialyais 
are listed in Table 15.3. 

Which lines of a given element will appear strongest when vaiiisJi- 
iiigly small concentrations of the element arc caused to emit light 
dei>ends to .some extent on the typo of .s])ectroscopic; o<piix>incnt used, 
on the methods of recording and observing the spectrum, and on the 
type of excitation used. Tables of the ma.st sensitive spcctriiiTi lines 
will be found to differ somewhat, depending on wlietlier they ai'c 
based principally on lists compiled by the earlier workers (see § 15.3), 
whether they depend on theory,® or whether they involve observations 
made with modern equipment and the new ultraviolet and infrared 
photographic emulsions of increased sensitivity, 

^I'hc published dcstirip Lions of .spectra are fur from complete, even 
For comparatively strong liiics. iMcast complex clcincrits have not 
been thoroughly studied ut wave1cngtli.s longer than 0000 A, in tho 
range 3000 -^.'SOO A, and in the vacuum ultraviolet. Sneli elcmeiita 
jis rutheiiinin, rhodium, thorium, and tiriiniuni have been fairly 
thorouglib’^ studied in recent years, hut much work rcmiiiiiH to be done 
on many similar elements. 

9.11. The Harrison Automatic Comparator. Tho iiieasiiremcni 
and redu(;liou of si >ectrog rains can be greatly Facilitated by the use of 


an aiitoinatic comparator. riiic;h a ineasuriiig engino,^ in use at the 
Massachusetts Institute oF 'redmology simre 1038, is capable of 
nieusuring in 130 sec an entire 30- in. plate containing perhaps 3000 
spectrum lines, recording on a niotion-picrturc lilin to i<kwen-figure 
pre<‘ision the wavelengths in angstroms of all lines, and proviiling 
llie same film a <leiisity trace of the lines. Such a mn<-lnue is of greiit 
value wiieii large niinibers oF measure met its are to be nnule from a 
nuinber of plates taken with a given Mpeetrogra[)h. For the men sii re- 
men I oF occ'asional single plates taken on ilifYerent spetrirograph.s, it is 
of value ill giving results in terms of distance along the plate, the 


® \V. K. \I ./(Ji/r. Oftf. tStn 
(j, H- 1 hirrisiiii, ,/o»r. P/i/. »S 

Moliiar, ihid., 30, (lOia), 


Am., 31, :m (ll)tl). 

. Am., 25, 100 (lO'S.*!); O. Lt- Ilarrisan iiiitl J. P 
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reduction from linear measurement to wavelength being carried o^it 
with a computing machine, 

A spectrum plate is clamped to the carriage shown in tlic roar 
center of Fig, 9,13 and is moved by the comjinrator screw nt eonfiLftiil 
speed across a beam of light, which throws on the circular white screen 
nn iiriagc of that portion of the plate passing across it at any inomeiit. 
The oi>ei‘ntor can move the plate in either direction by turning the 
handle shown in the lower right-hand corner of Fig. 0.13 or by ojiorat- 
ing an electric drive in the forward or reverse directions. 



Fig, 9,13. The R&rri&on automatic comparator. 


^ n automobile headlamp operated by a storage battery is mounter I 

e ow the compnratox' case. Light from this lamp is j>rojectefl by 

a condenser lens through the plate being mensuretl, on to a inicro- 

cssnr lens, which produces an enlarged image of the j^late on the 
screen some G ft distant. 

Figure 0.14 shows the appearance of a portion of a wavelength 
recor obtained wdth the automatic engine. The wnvelengtli of jl 
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line which is passing across a scanning slit in the screen is recorded 
with a single flash of a stroboscope lamp us the density peak passes. 
Condcnscr.s discharge through this lamp when a signal is received 
from an electrical circuit, indicating that the maximum of the spec- 
triiin line is passing across the slit. 

Though the relation between distance along the plate and wave- 
lengths of the lines recorded thereon is not Unejir, the inatrument is 
arranged to record wavelengths directly in itugstroins. By means of 
dcciinul gears, the first two figures of the dispersion of the plate can 
be set into the machine. The next four figures are controlled by it 
variablc-.spced unit driven by a cam specially cut for the spectral 
region being covered, each cam having been laid out initially in terms 
of standard iron spectra obtained with the spectrograph used. The 
seventh figure is controlled by a ]>hotoolecLi‘ic device that automati- 
cally follows the outer edge of an inked curve. Plate after plate taken 



Fig. 9.14. Wavelength record obtained with the automatic comparator. 


in Lhe same region of the same siiecLi'ograph can be ineaHured with ii 
single cam and curve. When pliitc.s are eiiiingtHl, small variations 
niny be found, but these can be reduced to iiuv desired value. Varin* 
lions as great, as O.Ol A may be tolei'atcrl if nc<ressary, since standard 
lines are recorded on all plates and these are ineasiired with the 
luiknnwns. Wavelength values read from the film cim then Iw 
■luiiiged in the seveiiLli figure in accordance with the error foiiiul in 
lhe seventh figure of the standard line I’eadings. 

All electron mill tipi icr tiil>e i.s used beliLiid the .skit of the projcelion 
.system to measure the light passing through it. The output of the 
niulliplier is fed to an electrical network wliieli caiiscK the stroiioseopic 
lump to flash al Llie instant when the peak of a spectrum line i.s .sym- 
inel rieiilly disjaised rieross tlie slit. 

The }fiaxhnnni pichfiry as the elec^trieal line-niea.siiring device is 
lied , does not, as niiglil be siippose<l, o]M*ralc on the slope of llie 
cieiisity eiirve of the line. 'I'he grn ini ness tfjf the plate makes such 


226 IDENTIFICATION OF SPECTRUM UIN15S CS^'l2 

operation undesirnbJe, and the saiiirntion of the phofco/^raphic omul** 

sion n-t higli densities flattens the tops of dense lines. Tnstend* the 

line peak is taken ns being half way between two areas of equeil densUy 

measured at the points of approximately maxiniuitt eontrast for the 

nari'owest line that can be resolved by the spectrograph on which llie 
plate was exposed. 

This automatic comparator has been foiinrl to possess several ad- 
vantages beyond the more than hundredfold gain in speed of nioasiirc- 
.ment and computation which it provides. The comparator screw' 
does not change temperature during the Fgav seconds required lo 
measure a plate» and its nut is pushed wdth uniform specrl, so thiii 
an oil film of constant thickness is kept in the screw-nut contact* 
Wavelength values are available instantaneously so that any line 
can be identified by inspection if the macliine is stopped or is ojjemltMl 
by hand. If the operator prefers, he can run the comparator by 
handy using hand settings, and pressing a button whenever he has set 
the center of a line on tJie fiducial mark. 

It is Found that the reproducibility of setting on narrow lines by 

the automatic method is from three to five times more precise tliiiii 

that of eye setting. In a test spectrum, lines of various breadths 

were picked by the machine 30 times in each direction witii an averngc 

deviation of rfc 0,0004 A> whereas the average iiiteriia] deviation of 

land-and-cye setting by an experienced operator was db 0.0020 A. on 
the same machine and plate, 

9.12. Lln^tations of Wavelength Measurement with Diffraction 

ratings. The principal sources of errors in wavelength deteniiiiia- 
tions by means of gratings arc as follows (see also § 30.4) : 

inadequacy of wavelength staiidards in certain spectral 
regions, particularly of standard lines of suitable intensity. 

displacement on spectrograms, relative to stnndavd liiit’S, 
31 Imcs to be measured. 

3, Displacements caused by strong neighboring lines or by i)Ieiid.s 
■Tith impurity tines due to bands. 

natuial breadths of some lines ami the comiilcx structiiros 
►f others (§ 20.1). 

,5. .\ctiinJ variations of wavelengths, in standnrd.s or unknowns, 
iiMth excitation conditions, 

6. Incorrect identification of lines. 

Ijiicertiiintics of setting on line maxima. 
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The Origins of Atomic Spectra 


Ant tueohy of the origin of sfectual lineh must explain 
observed spectra quantitatively in terms of models of the atoms 
from which the spectra arise. It is necessary not only to explain tlic 
intensity of emitted or absorbed radiation as a function of wavcIeiiKlIi 
but also to give a quantitative basis For the understanding of sucfli 
details ns the effects on the spectrum of temperature aii<l of electric 
and magnetic fields^ Spectroscopic theory has contributed much to 
our ideas about the structui^e and mechanics of atoms. Some 
familiarity with the elementary aspects of tlie theory is tliei'cforc 
helpful in visualizing the processes involved in the cniiHsion aiul 
absorption of radiation. 


SPECTILVL SERIES AND ATOMIC ENERGY STAU'ES 


The most striking regularity in the spectra of inanj' atojiis is ilie 
classification of the spectral lines into Rericit, The frc(jiicncu\s of I lie 
several mem hers oF a given series can be represented Tiiniiericiilly by a 
simple formula such as 



( 10 . 1 ) 


Here Vi is the frequency of a line in the scric.s, a so-called ,srr/r.v 
member; v<a is the aeries limiii, or series incinbcr of highest frccpieiirvi 
R and Ci are constants for the entire scries; and i is nii integer Lhnt 
runs from 1 to infinity. As i gets larger and larger, the spacing of 
the lines in the series gets smaller and snialler, until the series finally 
converges on the series limit. Such series, of which an ('Xfuiiple is 
shown in Fig. 10.1, are frequently found and are called Rydharij avrirn 
after the proposer of Eq. (10.1). R is called the Rydbertj conafani. 

The relation.ship between different series In the .same s]}C(?triim is 
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signiOcn.iit inasmuch as the frequency vm for one scries is equal 


to tlie expression R/{i + C\Y for another series, i being some small 
integer. Thus a more geiieriil form of ICtj. (10.1) is 




R 



1 


1 


{i -h c,Y 


a (- 


?2)V 


( 10 .«) 


by which all the series for certain aioins iniiy be represented. Here 
the value of / i.s fixed at some small i]iteg<?r for a particular series^ and 
j takes on integral values up to very large minibcrs to give the fre- 
qkiencics for the vjirious members of tlmt serie.s. 
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Fig. 10,1. The Balmer scries in the spectrum of the hydrogen atom. 

10.1. The Hydrogen Atom. Tlie emijirienl foniiiila for the 
various series in hydrogen has a i>arl h'uliirly simple form : 




n 




i 


3 



(io.:n 


The cmisLaiiL Rn is llie Uyilherg ecnisLuiiL for liycIrogtMi, If we set 
i = 1 ami j = Si, :i, 4, o, . . . , we get l.lie mean hers of tlie Lyman far 
idlraviolet series in Iiydrogen, begiimiiig with a strong line at ISild A. 
Similarly, i — 2, and j = iJ, 4, 5, gives the J) aimer scries 


(visihle and near ultraviolet) ami #* 


ft. j 


4, 5, (I, 7 , 


■ 3 


the 


Piiseheii .series (near infrared). Thus the frecfiieiicies of the incmbers 
of all the known s<*ries in hydrogen can be exjjres.se^l as the diirerence 
between two terms, the fre<iiieiK‘y value of eacli term being expressed 


as 


R 


/I 


n- 


(10.4) 


ill wliieh ti Is an inleger. 

.\s we shall see in § I ()./>, terms siic?li as those given by Kq. (10.4) 
eiiii he idenl ifie<1 willi slalionary iMiergy sliili'.s or levels in a loins, iiiicl 
-sncctnil lilies asso(?iatefl with Ilic traiisi lions between Llu?.st* states. 
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TJie .liycli’O^en terms ni*e 2>lotted on an eniH-gy-levcl cliagruin iii Fig. 
10, jB, and the transitions between them, which give rise to the various 
hydrogen series, are indicated by arrows connectuig tlic initial and 
^iial levels for each transition. Tims each iirro>v indteates the trnnsU 


Ouanlum 

Numberjn 

n« CO 



1134 
n> 3 


n*Z 


Lymao BaJmsr Poschon Enorgy 

Series Series Series Wn 






1 



‘Wn* “Rwh 


Fig. 10.2. The energy levels of the hydrogen ittojn. 


tlon giving rise to it purl icuhir spectral line. Fxj^rcssioii (10.4) can 
be PC writ ten in energy units as 

= -^=4*^ (lo.s) 

71 - 

wliert- jr n is the energj' of a stationary state, the Factor -—/# (Pin lick's 
constant) being necessary to convert FrequcMoy units into ergs niifl to 
coiiforni to the iisefid convention of having the hifjhrsl energy thiit 
which corresponds to n = anti the lowest that for n — 1 (coiii[)arc 

Fig. lO.e). 
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TJic concept oF stiiLionary energy .shiitcs in atoms was first put 
for Hi hy IJolir.* The inc(;hiinic.s used by Rolir has since l>ecn siipei'- 
seded by quantum inecliaiiics, hut the expression lie obtained for the 
energies oF the stationary states in the hydrogen atom is also given 
by quaiitiim mechanics. It is 






Cio.o) 


In this expression, jj, is the reduce<l mass of tEio centrid nucleus and 
electron [in the hydrogen atom t* = '(me + nip), = electron 

mass, nip = proton mass], e is the electronic charge, ami J5J the a tomic 
number of the central nucleus (wliicdi is 1 for the proton). The 

coii.Httint Rri can thus he exprc-ssed* in terms of Fiindaiiieiital con- 
stants ; 



( 10 . 7 ) 


It Ls interestiTig to coiisi<lor the physical significance oF the energy 


levels shown in Kig. 10.^2. The lowest level (u. 


1) 3 .S the ao-callerl 


ffrtumd .slate, and in a collection oF liydrogt*n aitrni-s- in 11 gas, it will he 
the stiitioniiry state in which most of the atoms exist for most of the 
Itiiie. To raise a hydrogen atom to a higher level, enci'gy lias to he 
.supplied to the atom, the amount of cmei'gy rec(uirecl for elevation to 
a ])articuhu' level IV n being known tus the eweifation polanfutl^ that 
level, 'rhi.s excTilalioii energy (run lie siippli('d by radiation, in which 
case the atom ab.sorhs nuliulioii of rrefiiu'iKry 


u 






it 


It call also be siqiplied liy collision with iddiiiN, ions, or electrons. If 
it is su})]i1ie(] hy (‘ollision with elc4’lrons in aii eh'crl.rica) discharger, 
I he electrons must !iec(‘.ssarily have a kiiu'Lic energy at least ns large 


as ir„ 


IFi. Since the kinetic eiiei'gy is iiujiarU'd to the electrons 


by I heir Falling Ihrongli a potenlial droji of a em-lain number of vedts, 
I hi' kinetic t'liergy oF the elecrlroiis trim be exiii'es.setl in l.erms of volls. 


■ N. I*.ilir. l*hiL I {l(H:n. 

* ioii 1U.7 til fr(’i|iitriif',v units (v). 1L is urii'ii 

minihcr ii]iil..s (a-), tr ~ v/v. In \vav'o-iiiiriili4‘rs I Ik? viiliic of liji is 
t Also .siiinetiiii(r.s (r(dk?d dfitU’ttl iuHvntiuI , 


pressi'i I ilk wnve- 
lo»,lS77.7(l cm 
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In tum» an excitation potential can be expressed in volts^ since this 
potential corresponds to the mini mum kinetic energy that an electron 
must have to cause the transition to the upper state, hliectroii volts 
are frequently used as units for energy levels, because the mimcricnl 
values of the levels then lie in the range From 1 to 100 volts. One 
volt corresponds to 806G cm“^ so the wavelength region from A 

(8000 cm^^) to 125 A (800,000 em*’^) corre.sponfLs to the range 1 to 
100 volts. 

The excitation potential of the level for » = <» has a special 
signiBcance. It corresponds to tlie energy required to remove I lie 
electron in the hydrogen atom to an indefinitely large distance h'oiii 
the proton, in other words, to ionize the atom. Tliis energy, ciilleil 
the 'iojiizalion poteniial, is Wat — IFi, or Huh, ftnd has the value 
13.50 electron volts. Ionization potentials For other atoms are listed 
in Tabic 10.1. 

Several other atomic systems are known whose energy-level sclicnie 
is that of Eig. 10.2 except for a change of scale. These arc ail ions 
consisting of one electron and a heavy atomic nucleus. As one can 
see from Eq. (10.6), the energy levels differ from those of liydrogt'Ji 
only ill the values of 2® and g. IF the atomic nucleus Is that of 
helium, g is only slightly different (about 0.05 per cent) from fi in 
the hydrogen, atom, but 2® has the value 4. IF the nucleus is litliEUin, 
2 “ 9, and so on. Hence the scale in Eig. 10.2 has to be cluuigcd 

by about a factor of 4 for the He+ ion, 9 for the .Li"'"^ ion, and so «ni. 
The various series for these ions lie in the Far ultraviolet, ii.s can 
1 ‘eadily be verified by calculation from ISq. ( 10 . , 3 ). The ioniziitirni 
potetitials arc also inci'ensed by the approximate factors 4 for 1 fie 
ionization of I-Ie+ to He++, 9 for Li'''+ to and so on (see Table 

10 , 1 ). The series for ionized helium were known before Bolir’.s 
work on the hydrogen spectrum, but to wliat it tom or ion 11103 *^ \vorc 
due was not clear. Bohr’s highlj'^ exact calculation of the frequencies 
of the lines in the scries was siiniiltaneonsly a satLsfying solution 

to n puzzling problem in the origin of spectra ami a Idghlj' convincing 
coi*oIlBry to his theory of the h 3 ''di'ogcn spectrum. 

10 . 2 . Quantuni numbers in Atomic Spectra. The niiinbcr n in 
Eq. (10,6) is a ^uanlutfi number. It is not the only qiiantuTii iiiinibcr, 
liowev'^er, associated svith the various energy states; but because it is 
the most import anfc insofar as the energy values in tlie hydrogen atom 
are concerned, it is called the principal quantum number. There ai'C 
three other quantum numbers associated w'ith each electron in 11 ri 
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atom, iisiifiliy designated m, and s. Each of these is concerned 
with one of two types of nngLilar mom eri turn wliicli every electron in 
an atom possesHcs. The quantum numbers I aiu] 'in arc I'elatcci to 
the orbital angular momentum of the electron in its motion about the 
atomic iiuelcLis^ wherens tlie quantum ii umber 9 is n5isociabc(l with the 
spin of the electron. If the atom be coinpai'cd to a niiiiiaturc soltir 
system with the sun aiul earth in the role.s of nucleus anti electron, 
respectively, the orbital angular inoniciitum of the earth is that asso- 
ciated with its annual trip around the sun, whereas its spin angular 
momentum is ilue to it.s daily rotation on its own axis. 

The qiiantiiin niiinbcrs I and 'm take on integml values, just as 
Joes rit but these values are not completely independent of w. The 
inimorical values that I can have between 7i — 1 and 0. 

similarly, m can never be larger than f, but in contrast to it can 
LSsLimc 'iiegalivc values tiowii to — 1. The physical interpretation 
I aJid 7/1 pictures I as a numerical file Lor ex]>resHing the orbital 
mgiihir iiioineiiLuin in terms of the quantnin ni celt an leal unit of 
iiiguliir momentum, ///Stt*; m, on the other hainl, is the lutmher 
'eluLcd to the orieiitatioti of the orbit in space. A positive and 
icgatLve pair of values of /// correspond to the siiine. orbital oriciita- 
:ic>n, but (me (say the positive /a) coiTespontis t(7 a (dock wise 
notion t/f the electron in its orbit, and the other to a conn Lerolock wise 
nolian. 

Reforc we consider the q nan turn niiinlier wg must (liscn.ss the 
i}?e(!lTa of some relatively sim])le atoms, in which the energy levels 
l(']>end not only on // hiiL also on /. 

10.3. Series in Atoms with Many Electrons. An atomic speotruiu 

ncreiises in (complexity as tlie iiiiii)f>er of electrons directly iiivoivt'd 
n its fu'odiiel ion incTreases. llowevc.'r, the iiunther of eleclretiiK 
nvc/lved need not he Ilur total number of elecdi'otis in the atom, ll 
i‘i^(|uenlly liappejis (hill the (Miergy-level scheme foi* an jitoiTi def>eii(ls 
ji'iiniirily on one or ( \vo elect ro ns only, the ot her eh'crtroiis main I it in ing 
I (TOiistaiil set of cjijanluiti niimbei's (and ElierefoTc eru^rgies), regard- 


* 'I'lii; rt'iidiT t'liri rcnfUly verify Ltiiii I tie lUiiLs nF A (tTf^-KC'c-^iiitts) tiiiv'c- (lie [liiiinnsiiiJiis 
<C iiiiaiiitir mciMii'iil Mill, ivlii 4 ‘]i is liiiciir iiitHneikt inn (iliiiic‘iisiiiiiH itni.ss X vidueily) 
i]iilLi|>luMl liy 11 iirrii (iliitu-iisimi li'ii^lli). 'I'tic jiiiiiit'ru‘ikl rt'liil ii>rislii|» bi’:l\v(S‘Ei 

tni^l (irhihil nuKiiliir itutiiifia iiiti i.s 
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less of changes in the quantum numbers of the one or two electrons. 
The reason is that electrons in an atom tend to arrange thenisclvos 
in concentric shells about the atomic nucleus according to their 
quantum numbers, all the electrons in a given shell having the sninc 
value of n. Because each shell luis a limited quota of electrons (as 
we shall see in § 10.9}, electrons in excess of this quota are forced into 
shells of larger radius (higher a). A shell whose quota is filled has on 
the average a symmetrical aiTangenient of electronic orbits thiit cor- 
responds to a spherical distribution of electric charge. The term 
shell originates from this fact. 

A spectroscopically important situntioii occurs when the total 
number of electrons in a neutral or in an ionized atom excced-s by 1 
the number just needed to fill the quota of a .shell. In this case, the 
excess electron moves approximately as does the electron in tlfce 
hydrogen atom, that is, in the field of a charged central niiclcit!)* 
because Hie spherical charge distribution of the other electrons acts 
approximately ns though the whole charge were concentrated at the 
nucleus. Such an electronic arrangement is cliariictcri-stic of the 
atoms of the alkali metals lithium, sodium, potassium, riihidiiim, and 
cesium. The series found in the .spectra, of .such atoms are .siniilar to 
the hydrogen series but follow Eq. (lO.g) instead of Eq, (10.3) r 'I'he 
number of series is larger, however, because a distinct .scrie.s is ob- 
tained for each value of the constants Ci and in E<(. (10.2). More- 
over, two series can converge on the same wavelength if tlicy share 
in coniirioii the constant Ci but have different (h values. 

The various energy levels of the alkali atoms tiuit give rise to Lhcac 
series correspond to various values oF the quantum numbers of the 
single oiiteimost electron, the qtiaiitiini mini hers of all the olhor 
electrons in the atom (those in the filled ahelKs) staying lixeil. The 
numbers t and j in 15q. (10.2) are the values of the principal quant urn 
number n for this electmu, in strict analogy with the case of the 
hydrogen atom. The constants C7i and C 2 , however, intrude bocaiiso 
the energy levels depend on the quantum number / of the outer 
electron as well as on ft, in contradistinction to the energy levels in 
liydrogen. The reason can bo seen qualitatively with the of I be 
orbital picture, if we recall that the quantum number / is a iiien.siire 
of the orbital angular moment iiin of the electron, larger I eorre-spcnul- 
ing to larger angular momentum. A value of I sinnll compared wilb 
ihc value of n therefore means that the angular momentum is .siiiiUl 
and indicates that the electron’s orbit is not circular but n liigbly 
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eccentric ellipse, lii a circoliir orbit (iniiximnm V) the outermost 
electron moves at a uniform distance from the inner, filled sliells 
(Fig. 10.3a), atid the situation resembles liydi'oi'cn. In the eccentric 
orbits, Jiowever, the electron orbit “penetrates** the shells to a f^rcater 
or lesser extent (Fig. 10.3b) and during the penetration is nttraoteil 
much more strongly by the positively charged nucleus, 'Flic energy 
of the electronic orbit is thereby lowered, the rcdLictioii depending on 
the extent of the i)ciictrutLOii, that is, ou the eccentricity, which in 
turn is determined by the quantum number I for a given value of n. 




Fig. 10.3, The penetration of nu inner shell by nu electron moving in an 
eccentric orbit. (ji) f'ir<‘iiiar orliit. (/ (;c|iuil (o n ■ ■ 1^. (Ii) jilLciil orltil (f 

.Hinitilcr thiiii it — 1). 



Tlie.se eifecl.s lire illiistruLed in Fig. 10. -1*, ■where the t'liei’gy level.s 
of tlic sridiiiiii a loin tire plolled to si;iilc with llio.se of hydrogen. The 
filled slielts in sodiiiin csitiLaiii 10 eleclr<nis, llie eleventh or ouLerinosb 
lH‘iiig frirt'ed iiilo orbits with n efpial to 3 or larger. The energy 


levels’** ilejietid on Ixith n ;iii(l /. If a = .3, ‘t, j and I 


0, llio 


energii's are 


fl' 




■ ■ ■ ■ " 

- 1.3.^)- 


(ICKH) 


* The uiiilM ijf lli<‘ in Fajs. f 1 I) w-ill l>c crf(.s jut nlc»nn if irt 

ill r(S'i|ir4ic>a] rt'nliiiK'if^rs. /f.Nji. ba.s lli(* vnliie L01],7S:> [‘in'"’. 
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When ] 5= 

3 1, the expression is 
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10>4. Cotnpftfieon of the energy levels of the hydrogen end sodium atoiiis 


Plus lost expression agrees exactly with I5cj. (10.5), whieJi iiicaiis Hial 

not eccentric enough to penetrate the filled 

su S t ntt is, orbits with large 1) do not depend aiipreciubly on / 
hut onlv on ?i. * * i ^ 
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The various seric.s arising from these levels in the so<lium atom are 
s 11111111 iirized in Tiihle 10. *2^ in which the nunicriciil values of n and I 
for tiie upper and lower levels of eneh transition ai’c iiirlicatccl. It 
will be noticed that the lower level for encli series has a valiLc of 3 for 
Accordingly, each series i.s analogous to the .Vasclieii series in hydro- 
gen, for which the lower level has n = but the different series in 
sodium arise Fruin the di/Kerenec.s in enc^rgy associiLtccl with different { 
values.* The .short w’avclengtli limit of the Pascheii series oeeur-s 
in the near infriire<l at HiiOO which is also upproxiniatcly the 1 ini it 
of the fiindaniental .series in sodium, but the other series all have 
limits ill the violet or ultraviolet. The shift is ilhistrittod in Pig. 10.4, 
which show.s the drop in energy of the levels of .small I vNiliie in 
coni]iarison with the corresponding levels in iiyclrogen. 
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Itet'iiiiHe all the fiiie.s in the sliarji .series of the iilkali nietal.s oi'iginalc 
from upper levels with I ^ 0, spec Irosco] lists have fitlleii into the 
]jracli{;c of calling all electrons with I — 0^ ft clecrlrons (it for .sharp); 
AiiiiLlarJy, eleetron.s with 1=1, p electrons (p for prijicijial) ; with 
I = 9^, d ele<ftron.s; witli I ^ 3, / eleetron.s. !'\)r liigluir values of I, 
the notation proceeds at])ha1)eti(rally (i/ for I — 4, h for £ — 5, and 
so on). It will he noticefi froni Table 10.^ that the several series 
result from tran.sitiou.s during whieli I cliaiiges by one unit, eitliei* 
plu.'i or mill us, never by w'ro, two, or three. 'Hi is result may be 


* Tln'n- iirr Iw'o sjK'eLnil Jincis fttr wliicli l.his iiniilof'jr’ dmis iiol. Iiolil, Jiowtsver; I.Iki 
first line ill ific Ho-calU'd princ'i[>ril .xrrit'H (Imiisiliftn rn>]ii ff — 9, / — I In » = JJ, / = ()) 
iLiifl Oic' lii'sl 1iri4‘ ill llir rJiffiisi' iscrtrs ( I I'lirisil uiii fruiii n ‘t. f ~ 'i to u — a, / =3 I ). 
'I'lir iijifirf Jiiul lini'tT )t'V 4 *ls riir t'ii(*h iif t\v<} Iriiiisil kiii.s Ikout (Ziii .■ciiiiu! viiliic of n 

ami rii'C'ort liii^ly hi Uic liydnii'cii iiJ.oin woiilrl liiiv*' Jrk’iitif'iif 
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suminarizecl by giving the seiectioti rule (§ 10.0) for 1‘ Xu any oihh 
electron spectrmn, tiie change in Z* A2, during a transition is always 

plus or minus 1. 

AZ - d= 1 


Similarly^ one may say 


An 


0, 1, 2, 3. 


- f 


(10.13) 


that IS, there is no restriction on the amount by which n may clinuBc 
during a transition. In particular, these selection rules hold for Ihc 
other alkali metals, all of which have series similar to those of sodium 
but with different values of n for the ground state. 

10.4. Multiplicity in Atomic Spectra. One important feature of 
the sodium spectrum lias not been mentioned — the double cluiraclrr 
of the individual lines. For instance, the first “line** in the principal 
series — the famous Z} lines of sodium- — is well known to be a doublel 
whose individual wavelengths are 5800 and 5800 A. A composiic 
“line** such os this one, consisting of several components of relntejl 
origin tiiat are usimlly closely spaced, is known as a mnllkplcl. Miiili- 
jjlicity is the rule rather than the exception in atomic siiectra, ill though 
in very complicated spectra it may be diOicult to di.sccrn in the rich 
assortment of lines tliose which are associated as the conipouenls of 
a particular multiplet. 

IMulttpIicity arises from electron spin. The spin of the electron 
produces a magnetic fields and between tliis field and the clcclroii 
moving in. its orbit there is electromagnetic interaction that nil cels 
the energy of the electron. Tliis effect depends quantitatively on the 
size and direction of the spin magnetic field, both of whicli properlics 
are severely restricted. The spin field always has the .safne .size (thnl 
is, the electron spin 1ms a constant angular velocity), aiul its <lirc<:1 ion 
is limited to one of two specific directions, namely, parallel or anti- 
parallel to some other field that serves os a reference direction- t I'p 
other field may be the magnetic field of the electron moving in its 
orbit, the field of another spinning electron, or an external field <liie 
to an electromagnet. Associated with these two directions arc tin 


two possible values of the spin quantum number a, namely, s 
for parnllcl direction and j = — J for antiparallel direction.* 


-h* 


* The- renson 


. 1 _ /r 

IIS — X — 
^ 'in 




for 

h 



rather than » ^ ±1, is that the spin ani^ulur iiioiiiwiluui 
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In the 0odmm and other alkali atoms the orbital magnetic Reid of 
the single outermost electron ])rovulcs the reference direction. If the 
spin ilcid is parallel to the orbital field, J Xhus each energy 

level ill Eig. 10.4 becomes two levels,* the higher one with a = -hj. 
the other with ^ — J. The «liffercncc between the two levels 
n ^ 3, I ^ 1, a = an<l n ^ 3, I ^ 1, and a = — 4 in sodium is 
about 17 cin~^ (or 0.002 volt), and this is the order of magnitude of 
mnltiplet sei>ariLtioii in light atoms. In heavy atoms such as mercury 
the separations may be ii hundred times larger. 

Whereas a single electron preduccs a doubling of the energy levels, 
two or more clectreiis have a more complicated eil'ect. Portiiiiiitely, 
the fact that the spin qiiantiiin iiiiinl)cr s for each electron can have 
only two values simplifies matter.^. The multiplicity or splitting u]> 
of ciich level on account of spin dcpeiuLs on the nuincrieid values of the 
sum, kS, of the spin quantum numbers. The multiplicity ia 

M = + 1 (10.14) 


The sum S, which is always taken to have a positive sign, can have 
various values, of course, and tlie multiplicities Af will vary accord- 
ingly. For two electrons, *S = 0 or 1, depending on whether the two 
sfiins arc antiparallel or parallel. Hence atomic spectra that arise 
from two electrons (helium uiid the alkjilinc-eiLi'th metals 13c, Mg, 
Cn. Sr, an<l Da) can have niidtiplicitics of 1 (tluit is, no Hplitling of 
Icved.s hocaiisc of spin) or 3 (splitting of eacli level into three). Spec- 
Lm dcjK'iidiiig on three electrons can have iS = J or i]- (hence AI = 5i 
or 4). It can reatlily he .seen that the values of S will range in steps 
of one from 0 to A^/2 for N eleetroiis if TV is even, and from J to 


AV^ if is ochl. Hence an atom or ion (;c»iiLfi.iiiitig lui even number 
of elerlron.s will have tinly otld itiullifilicities, and one containing an 
ofitl number will luive only even itii]lli]>lici ties. 

The .stiinining ]>]'(H;ess liy wtiieli the iiulividiutl spin qiiantiiin 
II limbers ft add up algebra iettlly to give a total .spin N for the atom 
iil.so is ap[>li<‘al)le to tlu^ individital or}>ilii] ciumitum numbers /, wliicli 
add lip to a U»lal orbital (jiiaiitinn tiiniiber 'PIk^ nddiliou procress, 
however, del jeiid.s on tlic^ cjuaiitiiin niiniberK m, which, as we: have' 
fiieni ioiic'd, indieritc^ the oricsitation of the orbit in space, aiul can 

negative value's {t'onnfvrrlnckwiite orhita) as well ns po.sitivc ones 


iclfirhiriiiv nrhita). 'Die sign of’ L is taken as jjeisil.ive, but its niiiiier- 


'I'IiLk clotililiii^' Jii»L (»‘C*iir in l.liir of Irvels f[»r wliicJi 

iic) orliiLn) luaaiK'l lu'lil / = a, jumI lit*]K.(; rH> of spin 


I == O. .Hiiiiv llini* is 

tn llo; eiier^Ui'. 
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ical values eannot be so succinctly given os can those for S l>cc-niiw 
of the greater variety of possibilities of tlie indivitluiil w values. The 
inaxuniini possible value of L, however, is the arithmetical sum of the 
individual By way of example, we can consider three electrons 

with the respective sets of quantum numbers as follows: 



?lL =* 

= 2* /i 

= 1, mi = 

= 4-11 

Si = 

+4 


71% * 

* 3, Iz 

a= 2, Hlz ■ 

= 4'2. 


+4 


m = 

- 4, Za 

= 3, m* 

— 4"3» 

jfa = 

4-4 

Here 



== ffi 

4“ tfa - 



and 


X = 

mi 4- ma 4* /ag 

= (J 



The total energy of a given level depends on S and on X, ami tilso 
on the way in which, the total spin interacts or “couples*’ with Mie 
total orbital angular momentum. S and X couple to give a lolal 
angular inomentuTn for the atom. Tliis angular momentum i.s cullwl 
is taken ns positive, and lies between a minim uiii value of Inc 
numerical dilFevence between L aiid S and a maximum value of the 
sum X 4- iS. 

It is customary for spectroscopists to symbolize a given atoniie- 
energy level or term by a teptti si/itibol. The term symbol reiu'esenls 
the numerical values of the different quantities Zi, jS, and J on whicdi 
the energy depends, and for which the sleet ion rules are stated, 'nic 
term symbol is 

^Lj 

in which jitf, the multipHcit 5 % is written as a number cidoulaled 
from Eq. (10.14); that is, J/ = 25 -f' 1. J is also written as ii 
number and varies with the coupling between X and S, but liiis n 
definite value for a particular energy level. X is not written jih n 
number but as a capital letter. The letter symbol is S if L = ()• 
P if X « 1, Z> if i = 2, and so on, in strict analog;!^'^ with the |jrr- 
viousl 3 '^ discussed com^ention of writing s for 1 = 0, and so on. 'l*br 
term symbol is sometimes written with ii principal quantum number n 
as a prefix when tliere is no ambiguity ns to which electron or dee- 
trons jaossess that value of n. For exanijde, the two upjjer levels of 
the D lines in sodium (Fig. 10.4), which arise from one electron for 

which = 3, f = 1, tf = i, so that L ^ I, 5 = M = 2, X = 1 ^ 4 

and 1 4“ J, will have the symbols 

3 nnd 3 
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The lower level of the D lines nrises from an electron with n. = 3, 
^ “ 0> — -Jj so that Zf = 0i S = ilZ = S* ITeiice tliis 

level will have the term synihol 3 The two ZJ-line transitions 

can then he represented briefly by the symbols 

3 *jSj - S *^4 imd 3 =5* — 3 ^Pj 

It is customary Lo write the lower level of the transition first. 

Three spoctroscopicully useful rules about the enerf^y relationships 
among mulbiplet levels can be stated with the help of the Z. jS, J 
quantum iiiiml>crs. 

1. TlitHfVs rule: Of the energy levels as.sociatcd with ti given 
electronic con flgu ration (that is, a set of clectmn.s with their n and 
I quantum numhens fixetl but with ?n and j? not fixed), the levels of 
highest multiplicity (highest value of jS) will have the lowest energy. 
Of the levels with liighest multiplicity, that one with maximum L 
will h avc the lowest energy. 

2. Lanxl^'s mlerval rule: The energy «i iff ere nee between two a<lja- 
cciiL levels in a inultiplet (same L anti jS', various J values) is pmpor- 
tional to the J value of the higher of the two levels. 

S. Jnvcrtiitm nde: In electronic configurjitions in which a shell of 
eleelroiis is less Ilian half full, the lowest */ value in ii inultiplet has 
the 1 owesL energy; when a .shell of electrons is more than half full, the 
highest. J value in a inuUiplet has the lowest energy. 

These riile.s are exceetlingly useriil in iinder.sLiuiding the .s^iectra 
of j)olyele(‘lr(jnie atoms and ions, but ilieir appli<?aLioii requires .some 
iiiforiiinlion about the ([luiiitiiin numbers ii and I of the various elce- 
Irons in I lie a loin. Kortiiiiately, this iiifoniiatiou is usually availnble 
with Uie lie]]i of llie basic rule Uiiowii as the Pauli principle, which is 
discussed in § 10.9. 


LINK INTENSITIES IN ATOMIC! SPECTRA 


AlLboiigli line intensities caiinoL be determined with the jirecdsioii 
<3f wiiveleugl.h rnensiireineiils, they lire an ini port an I property of the 
spec‘initn, and the llieory must deid with Ihein <(iiii]ililalively. It is 
beyond the seope of such a brief cliscnission as Ibis to iiK^liide any of 
the deliiils of Ihe ((iiiiiiliiin iiieeliitnics on which (lie theory is based. 
Oiir discu.ssion will therefore inerelv Hiuniiiarl/.e some result.'* of 
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quantum meclianics with the help oF which a simplified treatmeiil of 
intensities can be given. 

10p5. Some Basic Results of Quantum Mechanics. When the 
equations of quantum mechanics are set up and solved for a 
atom or molecule, they lead to the result that the total energy of tlic 
atom or molecule cannot have every value between minus infinity and 
plus infinity but is restricled io a relalioely small set of special values, 
Tliese are the energy levels, or stationary states, .of the atom or 
molecule. Oi’dinarily n stationary state is described in terms of a set 
□f quantum numbers upon which the energy, IK, of the stationary 
state depends in some definite algebraic way. However, in those 
instances in which the energy expression does not contain all the 
quantum numbers, more than one set of quantum numbers will coi'rc- 
spond to the same energy levels. For example, if the states of an 
atom are described in terms of four quantum numbers n, It and 

the energy expression lins the simple form 

W' = constant -f- a® (lO.lJS) 


then all states with tlie same value of n have the .same eiiorgyt 


mgardlcss of the values oF the other quantum niimbcrs. 

It is usually customary to lump together all the variou.s state.s in 
an atom or molecule having the same energy. The niinibcr oF .stales 
of equal energy so gi'Ouped together is termed the degeneracy of the 
resultant state. Synonymous terms For degenei'acy are sialislical 
weiglU and a ‘priori probability. It is usually denoted by git where? i 
is an index number referring to the particiLlar group of states lumped 
together. 

It is helpful in considering the energy levels of an atom or inolcctilc, 
whether these be known from experiment or from theory, to niitkc a 


diagi*am of them. Such diagrams, oF which Figs. 10.2 and 10.4t are 
simple examples, nre widely used in the systematic uiiderstiinclinK of 
5|>ectra of all kinds. If the energy levels depend on a quantum 
number n in the waj'' expressed by Eq. (10.5), in which the constant 
is given a negative value, then the energy for s= co will be zero niuJ 
that for « — 1 will be lowest (that is, largest negative number). As 
was mentioned in § 10.1, the horizontal lines in the figure represent 
the energies of the various stationary statc.s, and the energy values 
other than those represented by horizontal linos are energies that the 
atona under considci'ation cannot possess. 


As long as an atom or molecule remains in a 


given stationary state, 
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its energy is fixed and it neither loses nor gains cjicrgy from its sur- 
roundings. Thei'cforc, if it is to emit or absorb radiation, it must 
change to ujiothcr energy level. Hccaiisc the various energy levels 
differ from one another by fixed amounts, the omoiuits of radiant 
energy which the atom or molecule can gain or lose ar'e fixed in size. 
It is u result of quantum mechanics that there is ti definite relationship 
between the freqncnci/ of the emitted or absoi'bcd radiation and the 
change in energy of the atom or molecule. As was mentioned in 
§ 10. 1, thi.s relation is 


t^l.2 




(10.16) 


where vi ^2 is the frequency of the radiation, h is Planck's constant 
(G.O X 10~” oi‘g-.soconds), ami IPi and Wz are, respectively, the 
cnergj^ levels of the atom before and after the atom has emitted (or 
absorbed) light. If W i is smaller than IV^, the atom has gained 
energy, that is, has absorbed radiation. If TK i is larger than IT^ 2 » 
the atom hn.s lo.st energy in the process, that is. has emitted rmliation. 

10.6. Selection Rules and Intensities of Spectral Lines. The 

change from one energy level to another is termed a iran»ilion. It is 
clear that the frequency of radiation emitted or absorbed during a 
transition depends not on the properties of the .system be Fora or after 
the transition but only on the energy tliiyereiice between the two 
.stationary states. The inlennUy with whicli ra<)iati.oii is emitted or 
absorbed, on blie other haiul, is very iniu;h dependent on the nature 
of tbe initial ami final slates. Sufipose we liave a [;ontaiiier full of 
similar atoms all in a stationary .sLiite \Vi. 'riicsc atoms can (^on- 
wivahly radiate energy of a purtieidar free pie iiey if there is a 

lower energy level IPa siuli lliat 


ri,2 






(10.17) 


Tlic ra/e at which radiation of fre^pieiiciy is emitted tle[)ends on 
the numiwr of atoms making the transit ion from fPi to fp 2 per second. 
In fa<‘t, I lie iiilensity of radialinii of free] nci icy *»i ,2 will be 

/ = eoiislaiiL X .Vi (10. IS) 

where .Vi ^2 the iiumlier of atoms going from sliile IK| to state 
fier sc<‘OiuI» and /o'l.a is the energy given out by cneli Lraiisilion. To 
understand what tlepeiids on, let ns consider the behavior of 
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the atoms in oiir container in state W i, T]iey <;an make transitions 
to of course, but it is also likely Lliat there are a good niaiiy other 
stationary states FPa, FFj, IV^, and so on, to which transitions nrc 
possible ► Since these states have different energies, transitions to 
them will not. result in radiation of Frequency f'l.aj moreover, if an 
atom makes a transition from IVg to TFn, for example, it will no longer 
be able to make the transition IV i to JV%. Hence the number 
will depend on the relative chance that an atom in state will go 
to state JVn in preference to states TFa. TV.i, JFb. . . . TJiis relative 
chance is termed the IransUion probability for the transition IV i-JVf 
and is found to depend on the cliaracteristics of the two stationary 
states* 

The calculation of transition probabilities by quantiiin-mcohanical 
methods leads to the interesting general result that for a given atoinic 
system there are a great many transitions for which the transition 
probability i& zero; that is, the two states concerned do not combine 
to emit or absorb radiation. Since the chameteristics of the two 
states are determined by their quantiini ii umbers, it is j>ossiblc to 
express transition probabilities in terms of qiiantuiu iiiiiiibcrs, mid in 
particular, to state what the relationships are between the ciinintinii 
iiiunbers of two states that do not coiubine. A goiienilizatioii of 
transition probabilities expressed in terms of the qiimitum niiinhcps 
is termed a /teleclioti riilCy because the rule enables one to make n 
selection of the pairs of states which coiiihine (the so-called allotced 
transitLons), and of the paii-s which do not combine {JorbUlden transi- 
tions) from the various pairs. Selection ride.s ii-siiully take the ftinn 
of a stateiiiciifc of the ehniigcs in qimnttim numbers associated with 
allowed transitions. In terms of the quantum niiiiiher.s £r, S, J 

(§ 10.4), the selection rules* governing allowed transitions arc 

AL 

AH 

AJ 

AJ 

* rite rules sre valitl otiljr for ntoniH in which I he T.,S e<>iipMri^ (Ilus.scIl-.Siiunflpr-i 
coupling) holds. L^S coupling is a good ftppnixiiiiiitioii fur nhiins «if h»w jiIduiut inirnbrJ' 
but is not aa good, for heavy ntonis. F<jp heavy hLdiu.s, in whieh I he jj 

coupling or hiLer mediate types of coupling nblniii, the rules hold only roiighl.y. Ewpe- 
cinlly the selection rule »= 0 is no longer strictly valid, and lujiiiy “iiilercoiiihiiia- 
tiem lines, corresponding to transitioii.<* in which iiiS ^ I or inoi’C. jir*f ohserved- 
welPkiioTvn ‘^resonance line" in mcroury at i5S7 A is 4 ui cxainplo. Hero A.S' 1. 


0, =t 1 

0 

zfcl (all J vnliie.s) 

0 (all J values except J 


( 10 . 10 ) 


0 ) 
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The symbol AL atiinds for the difference between the vnlue of Tj in 
the iiiithil state niul that in the final state. AiS and Ai7 have nnnlojirous 

si^iiificaiicc. 

All interesting .Hitiiatioii arises when a given energy state in an atom 
or molecule may not coininne with the lowest energy state (the so- 
called ground Male) in the iitmii, or with any of the iiitcriiicdliitG 
energy statc.s between it and the ground .state. If> in such a eaKC> the 
atom by some menus gets into the given energy state, it will he unable 
to drop to a lower state by the ciiitssion of nulifition and Jiencc will 
remain in the upper state fur mi indefinite length of time. It may 
ultimately change from the state by the absorjition of radiation, or 
by a collision with another atom, but transitions by these mechanisms 
arc usually slow (compared with those which emit radiation. When 
an atom remains in an excited sbatioiiiiry state for a Long time, that 
state is said to have a long ^Uifctiino** and is called a nietaslablc staLc, 
The lifetime of an atoiuic; state generally is of the order of magnitude 
of 10'” rtc(;, but for metastablc states it may Ikj many orders of 
inagiiiliule larger. 

Evidently, from the foregoing remarks, it is desirable to have some 
knowledge of what energy states are occupied by tlie atoms or 
moKc^'iiles in a .system whose sjiccrtra we wisli to iiiidei‘.stand. Atoms 
and molecules inaj' be raised to iir>|>er stJiLes {e:vciled jtlnteH) fi-om Mie 
ground slate by various menus, iiictliuling electrical ' discdiarge and 
lieu ting. If llie ex<‘ilalion occurs by healing and if thermal e<|iii]iL)- 
I'iiiin iinioiig the atoius or molecules is appi’f»xiinale1y established, the 
niiinlK'i' of atoms or luoleciiles in a .stationary stale of energy coni- 
piired with I lie iiiimher in the ground stale Wi i.s given by the ex- 
pression 



r/i 


U)M0) 


in whicdi Ni and iVo are the niiriilicr.s of aionis in .states 1 and 
(f\ and g» the re.spe<'live degeiiepiicies of slnt.c.s 1 iiiicl A* is [loll/.- 
miintrs eoiislant (1.;171 X 10”"' erg per degree per iiioleeiile). I'nd 
T is the iihsoliiLe leiiiperalure. 'Die rigliL-luiiul side of Kq. ( 10 . 520 ) 


is soinetinies inTerred to as Llic Holtztiiatiii fiU'Lor for state 2, wlien 
stale 1 is the ground stale. 

Tlie same c|naMlii m-nu'cliaiiica] calculations lluil lead In Llie stdeo 
tioii rules also provitie certain geiierjilizalioiis about iiiieiisily ixda- 
tioiisliips within niidLi])lets. Those iiiLeii.sily rules are us fallows: 
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A. The sum rules \ 


1. The sum of the intensities of all lines of a multi plot that l>c|*ni 
their transitions from the same energy level is pro]}orLioiml to the 
degeneracy Qi of that level. In terms of j/,- = 1. 

®« The sum of the intensities of all lines op a luultiplet that end 
their transitions on the same energy level i.s proportional to tlio 


degeneracy Qi of that level (ff, 


2f/ -|- 1). 


B. 




Fop Ai 


+ 1 


c Jitial 
+ 1 : 


A. S, J 


1 




(i + y + S + 1)(£ + y + S)(L + J 


iSiy (Xf -|- %f 


s 


J 


For Ai 


H-1, 


0: 


I 


rel 


j+ 


For Ai 


+1 


S) — J -\- S) ( £i 
J(J + 1) 


J 


S 


l)(^J 


1 : 


I 


rel 


(i 


J -hS -l)(i -J-hS)(L 


J 


l)(L 


J -S 


For Alf 


0, AJ 


+ 1 : 


(^ + 1) 


/ 


r«| 


(Z. -\-J +8 + 1)(L+J 


S) (I 

J 


J -\-S -h l)(L 


J 


For aX, 


I 


0, AJ 

t(Ij + 


0 : 




For AL 


0, AJ 


J{J + i) 


1 : 


1 


r^i 


jL '\-J -hS +S)(Af — J +i.S)(// -|-i/ 




./ 


.s 


1 ) 


1 ) 






1) 


0 / 


1 ) 


For AL ^ — 1, Aj “ +1, 0, — 1: X'lie formulas for AA ^ — 1 
can l>e obtained from those for AL — +1 by reversing the sign of Awf 
and using the L» J ^ S values of the initial rather thiin the final state. 
A factor involving the frequencies of the iiuiltiplet linos niul the Leni- 
pemtvLre of the source ho-s been omitted Prom the sum rules iiml 
relative-intensity formulas. Usually the relative values of this fac*Lt>r 
for the different lines are not far Prom unity. 

.iVs an example of the application of these rules, there may be citoct 
the studies of T-rarrison and collaborators.® 

®<1. R. Harri.wn and II. Engwicht, Jour. Opt. Sor. Am., 18, !i87 
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10.7. The Effect of External Infltiences on Atomic Spectra. The 

enei'gy-level scheme of an atom deter mines Lhc riuliation Prequencies 
whielL the atom (^aii emit, and bjic selection rules eoiiU'oL the tmnsitioiis 
between these levels. Before one can siiyi however, whiit the spec- 
trutu of an asscinbhif'o of atoms will luolc like, the number of atoms 
populating each energy levcd must be known, Tlic ]>o]nihitioii.s of 
the energy levels arc quite sensitive to the environment of the ossein- 
hlage, and therefore this enviroiimcnl is important for the apj^carance 
of the spec bi'ii 111 . 

Among Iho most important factors in the environment ai'c tein])erii- 
lure and pressure. When thermal cq nil i brill in prevails in an assem- 
hhigc of atotiis, the po]>u1abioiis of the various energy levels deci'easo 
exponentially with the height of the levels above the ground level and 
iiiereaHse exponentially with the teiniieratnrc [see 15([. (lO.i^O)]. This 
statement means that as tern per 01111*0 goes higher, the populations of 
other energy levels than the ground level increase, and theii^fore the 
number of atoms that (?an make transitions to lower levels inerciiscs. 
ConNe([iiciiLly, the intensities of the spectral lines emitted by an 
iissenibhige of atoms such as those in ii star or in a vapor heated by 
It runiacfe are strongly depetidcnt on tempcriiture and in turn arc a 
clue to the leniperaLiu^e of the emitter. 

When the excitation to upper levels is acconipH-shed by thermal 
ineaiis, the populations of the higher levels are in general niiich 
mmller lliau those of the lower ones, '^riierefoii^ the intensities of 


iperlral lilies of short wavelengtli, whicdi must come from high levels, 
ire also .small, 'i'liis stale me 11 1 does not mean, however, that all lines 
>r long wavelength are iiirire intensely eiiiilleil than linens of short 
VHveliMiglli, because a line of long vvaveleiiglh can rcsiilL from ii 
j'tiiisilioii la'lwecii livo (closely spaced high levels. '^I'liis is an exanifde 
)f lilt' general rule IhaL the leinpeniLiii'e dcpeiHleiux^ of the intensity 
if a spetrlnd line is given hy the temiJcruLiiro dependent^c of the 
>o])iiliil.loii of the energy level from whicdi the ratlin ling Iraiisition 
laris. llslit>uld be iioLetl Ihal. while the iiiten.sities of lines that arise 
roiii high starting levels are small, Mu^ Lciiipei'atnre variation of this 
ti tensity, pepcenlugewise, is very large [see lCc|. ( I0.‘:2()J]. 

An inleresting .silualioii arises when radiatioii is eniiltt't] by an 
.s.semldage of altitiis that is divided into two regions, tnit^ at n liiglier 
lid I he olh<M‘ at a Itiwer leinperalure. SiLcli a sitiiatioi) may exist 
meter ]n'oi>er t4rriimslaii<'es in a gas disci large In he, in whicli the 
loins at the t‘eiiLcr of Llie Lube are at high LeiiqieraLures wliile Llie 
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ones on. the periphery (near the walls) nvc at lower tcinperaturcs. 
Those spcetml lines which originate at the higher energy levels will 
be emitted by the high' temperature part of tlic nssciublagc Avitli 
relatively higher intensities than by the low- temperature part; but 
before this radiation can leave the tube, it must pass through the 
region of the low-temperature atoms. Here the lower energy levels, 
which are the final levels of the triin.sitioiis giving rtse to radiation 
From the high -temperature atoms, act as starting levels in the low* 
temperature atoms, and the radiation is absorbed. Tlic ground, 
level is partlculoi'ly important in this proce.ss, since its popLilation 
is always large. 

The net result of the absorption of some of the radiation before it 
leaves the discharge tiil^e is that certain lines, eH])eciiilly those iiivolv* 
ing the ground level, arc markedly diminishe<] in intensity. The 
diminution may be so gi*eab that the line.s actually are weaker than 
the continuous background present in every higl»-toni]KM‘atiire sikmj- 
trtim and lieticc appear as dark lines against a bright background. 
Such lines are said to be reverHCiL^ 'Hie outstanding examples jiro 
the famous 1^'aiinhoFer lines in the smrs spcctriini, whi(*h arise fn)in 
the absorption by atoms in the relatively l()w-trni])eraLurc oilier 
envelojje of the sun’s atmosphere. An exanifjlo frcifiiently iiicl in 
the laboratory is the reversal of the A line in the high-pressure 

mercury arc. Sometimes a bright line is seen with a dark line at its 
center; this is called self -r ever aaL If the line is merely chaiige<l iti 
shape on passing through the iisseiiiblagc, it is said to be .wlf-ahaorbcd. 

Another, but minor, influence of teMi[)eniliire f>n line sja^ctrii is 
the bi*oadeniiig of lines because of the l)()pp]<M' ell'eet. An alntn 
moving away from the .slit of a .spcctrogriipli along its ojjlit- axis emits 
radiation of frequency v — whereas an atom moving towiii'cl llie 
slit with like velocity emits radiation of fre((iieii(*y v -|- Tliese 

frequencies are measured with respect to the froqiu'Tiry v emitlc*<l by 
a stationary atom, and the value ()f Av is 



where is the velocity uf the moving atom and r that fiP lighl. 

the average velocity of the atoms will increase with tenipenitiii*c, the 


* T. Ills kind oF revcrsnl of fipedrul lines is to be disliiij^nishefl Frctni (Iio '‘rewrsuil” of 
ver>’ intense lines I lie piiotognipliic pliitc. 'I'Jic Inlter, n piunOy 
phenomenon a.«W(>ciiitc<l willi overexposure, is iiiflependenl. of llir (»f riidiiUkui 

(C'oitipiire § 7.i2, pnjge 14.?). 
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nvcrage Av will also increase; that is, Llic observed spectral line will 
broaden. Tlic ninf^nibudc oP tlic effect is iniUciited by the iiic^rcnsc in 
the half widtli* oP one of the sodiinu O lines iit .'581)0 A that tcsilILs 
from a tciiiiJera 1111*0 cliaiij^c from 000 to 00<)0°.lC. T'lic lialF width 
changes from C.5 X 10** scc“h or 0.0075 A, to 20.5 X 10** scc“h or 
0,024 A. 

The influence op pressure on S]>cctral lines arises froni the increase 
in the niiinlier of atoms jier unit volunie wliurh <Micurs when. pi*essarc 
is ijiereiised. '.riic intensity of both line ami continuous spectra may 
increase with elevation of pressure simiily from the inci*easc in the 
number of riidiatiug aboiiLs. If self-absorption occrurs, the elevation 
of pressure may rediu^c the intensity of certain linos. 'Flie chief 
clFecL of more atoms per unit volimic, however, is ii liigber iiiiniiicr of 
enllisiori.s per second between atoms. The exaert frecjiiency of a 
spectral line deiicnds on the csiiergy difTorcucc between the initial iiml 
iinal levels. Simre these levels arc shifted sllghbly during a (collusion, 
the rrcf|iieiu:y of the line sliifts. 'Flic cfVctjt of intTcased (^dlisioiis is 
twofold — a widening of the spectral line, called pyettairre brnfufeiihiff, 
II ml iL shift to lower fi*ef[neneies. Pressure broadening is of the 
greater prac'bii'al imjmrtance, because the line width liniiLs the ncmi- 
nicy with whh^h its waviileiigth can be inciaisured, as well as the 
rcsointion of crloscly spacred lines. I'lie orclcr of imigni tilde of i^resstire 
liroiuleiiing in atomic spet^tra la about one- third of a wave 11 it tube r i>er 
iiLmospliere. 

10.8. The Stark and Zeeman Efifects, 'The nuKst rrintfiil kind of 
extern h 1 in flu on ere that can be exerted on an iit<»niLe .spectrum is that 
of tin electric or magnetic fiehh An elcii'tric fi tdd alVei'ts tbe spec'triiiii 
because it adtls an additional elec’bric fort^e to that tvlreafly existing 
lieLwi't'in tlu? atomic hucIcmis and the electrons. The result is a 
“splittitig” of lluise atomic; eiuM’gy levets wliicli are degcaierate, and a 
c<»ns(!cpieiib splitling <»f spec'lnd lines. 'Flii.s splilliiig, called thc! 
Sfarh' was not discovi'red until lOI!) Iiccaiise of the Irenumdonsly 

strong cleclric fields retpiired to prodin*e it to an observable extent. 
Eiehl sliviigths in exc-ess of lOO.fHH) volts ]M*r ceiiliineler arc recpiirc^l. 
Field strengths of this order, liowc'ver, are cpiilc weak <*c:)in]jare(l to 
the* fic'lds existing in aloins and inolc'ciiles, h\>r c'xnm]}]e, tlie field of 


* 'I'lie tmii hrt/f n'ii/fh ini'iiiis llii‘ wiillli cif ii H|x'(‘lniE tine; iim‘iimiii*lnI fruiti a |k<)iiit 
rin hiiIo- nf I tic* line \vlit*i’C‘ I lie iiilriisily in lintf ihaf iiF I lie |)t?ak lo thc^ c'<invs|>i)iifliiig 
(KiinL on I lir ii|Ii(‘r siilc* of I tic* line' 11.1). 
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the proton acting on the electron in the deepest energy state o-f the 
hydrogen atom is 100^000 times larger still, or approximately 10 bil- 
lion volts per centimeter. 

The theory of the Stark effect is of prime im]>ortiuicc in the theory 
of spectra, but the effect itself is not of much practical use in the 
analysis of spectra. The corrcspoiuling effect of iv mugnctic field, 
however, is of great practical as well as theoretical importance, chiefly 
because of the larger magnitude of the splitting of spectral lines j>ro- 
duced by magnetic fields that can be created without great difficulty 
in the laboratory. This larger splitting was also responsible for tlie 
earlier discovery (1897) of the effect by Zee man. One of the I’casom 
for the practical importance of the effect is Preston’s ndc, wliieh 
states that all the members of a spectral series have the same Zccinnn 


Electric 

field 

intensify 


0 ■— — — — 1 

Fig. 10.5a. The Stark effect in the spectrum of helium, according to J- S* 
Poster.^ The electric Add producing the clFcct im inJioiiifigoiicoiLs, .so tlint Ihe 
rtiRgniltidc of the effect varies from one point in the .source bu niiother. 

])alLcrn, that is, exhibit the same splitting in a nmgnclic iicld. ^riio 

rule has l>ecn verified by a vast nnioiint of cx]>cririi(.Milal work iinil in 

liirii hns contributed powerfully to the ntiderstandiiig t)f c'Oinplex 

spectra hy providing a clear-cut method of classification of lines into 

series, li^xaiiiples of the Stark aiul Zoeinaii effects are shoAvn in 
Fig. 10.5. 


/ 


ATOMIC SPECTUA AND ATOMIC STRUCTURE 


The elucidation of atomic energy levels and r|iiaiitiiin numbers by 
the interpretation of atomic spectra lias fiiriiishcd a tliorougli cxjihi na- 
tion of the jieriodic table of the atoms, ^riiis explaiialion has born 
ns valuable to the chemist as to the phy.sicist, for it luis cleared ii]J 


* J. S. l'’aster, Prew. Roy. Soc., A 117, 1S7 (1047). 
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ntystifyuig features such as the 14 rare earths^ mid lias enabled the 
chemist to luiderstaufl the electronic basis of chemical valence. The 
keystone to this explanation is the Pauli cxclusLoii principle^ ivhich 
will be discussed briefly in terms of its application to the Aperiodic 
table. 

10.9. The Pauli Exclusion Principle and the Periodic Table. The 
Pauli principle was Foreshadowed by Uohr^s biiilding-up princijilc^ in 
lost. It was aniioimccd by Pauli'’ on empirical grounds in and 



FLg. i0.5b. The Zeeman effect In rlioclium^ after Molnar and Hitchcock.* 

'Flic l<ip K|ir(‘lriJiii stiinvK iinir iiK i'uvifrIt;!. Huch tn I lie iiontuil S|inc'trtiiti (if rliivdiiim 
ill llio nbHt^iici* itf ji iiiiifriic'l ir fioltJ, 'Flic iiiidcJle Hie |>t*t*|ioiiclic!ii)itr]y ptiljir- 

izuil mid Llii: hill (.(>111 Hio ]iiiralJoI-jH>l)ii’ix<>(l Zceimiii prodiitnicl Ijy il inii^iieLic 

fEeld of tJ0,.'S(K) [H'l'sluils. 


liiLS since hcoii dcnioiislnited UieoreticaMy La be ii <rnn.sc(|Ucii(!C of ilic 
riindnnienliils of {|uaiili]iti iiUM'luinu’s, Il states Lhal no two clcu-U'otis 
in the sjinu* iiloin (vi-ii linvc the same four r|iiiiiitiiTii iniiiibers. Siiicre 
llie i|iiaTiti]in luiiiihers themselves are subject to severe reslricLituiM 


(« 


Iiitef^er, I = integer snialler Lliiin m 


positive or negiilive iii- 


* N'. niilir. ZriLsvhr. (. Physik\ 0 , 1 " 

® W\ niiuli. ZrtKsr/ir'.f, Pby.fih, 31, (UW5). 

* J, 1 *. rVhiliiiir mill W. J. lIilc'Ji<'<ick, Jour, dpt, Stu*. Am. 30 , 
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tegcr equal to or smaller tlmn 1^ and s — =*=i), the Pauli principle and 
the energy rules pretty definitely dictate the electronic struct lire ol 
nn atom or ion. 

T'he etcctrons, in arranging thein-selvea around the atomic nucleus, 
will try to occupy those energy levels which are lowest; that is* all 
electrons seek to have a principal quant iiin mi in her n 1. The 
PaiiH priiicitile» however, excludes all but two electrons from the 
level » = 1, since of necessity i ^ 0 and m — 0 when «= 1. 'J?liiw 
the electrons wth n = 1 can differ only in their spins, one liaving 

i and the other a — — The other electrons in the atom 
must have n Q or larger. A collection of electrons with the same 
principal quantum number, such os the pair of electrons with n ^ 1» 
is called a tihell. * A shell is said to he filled or completed if the number 
of electrons therein is the maximum permitted by the Pauli principle. 
When 7* “ 1> this maximum is 2, but for larger n values the iTinxlniA 
are larger. When« «=* 2, ^ » Oor 1, and therefore in — 0 or — 1, 0, +1- 
Consequeiitly, the shell for n =* 2 can have eight electrons, one pair 
each for i = O, m 0; 2 = 1, w = ^1; i => 1, wi = 0; i 1, 

/II. — -f" 1. 

In shells where several values of I are possible, the question of 
which i value has lowest energy ari.sc8. The answer, as we have seen 
ill the case of sodium atom (Pig. 10.4), is that lower I values (eccentric 
orbits) correspond to lower energies. Therefore in an unfilled shelly 
the electrons will prefer the levels of lowest I, 

Another important energy question arises when n is larger than 3, 
As one can see by referring to Fig. 10.3, Llie space hctwcoii levels of 
different n is very small when n is more than 3. For these levels, the 
value of I is of comparable importance to that of ii in dctcrniiiiiiig the 
energy, and one cannot saj*^ offhand wlictlier the Ign’^cI h = 4, / = 0, 
will have lower or higher energy tliiin the level — 3, / = 2. X^or 
the sodium atom, the eiiergj^- level diagram iiulitiates <?1 curly that the 
level rt — 4, / = 0 is the lower. As a result, electrons will enter lliis 
level ill preference to the level a = 3, / = 2; in otlicr words, <de<*irt«is 
will enter the shell n = 4 before the shell n — 3 litis been couiplcLed. 

• SlicJh arc frequenUy tienolcd by letters; 
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This preference is illustrated in the periodic table bj' i>otassium^ tlie 


atoin with 19 electrons. Of thc.se 10, two arc in tlic shell n 
•eight in shell n = S, and eight in the shell /i — 3 (S with n 


1 , 

3, 


I 


0, and 0 with 7t 


in the .shell it 


3 (n 


3, I ■ 
3, I 


1). There is still room for 10 electrons 
2), blit bcciuisc the energy of the level 


n 


4, t 


0 is lower, the iiiiieteciith clcctTOii enters tliis level, iKa 


a result, potassium lias an clccbi'oiiic structure similar to sodium, 
witli a single outer most a elec bran. Likewise, in the atom with 
20 electrons (ciilcium), the nineteenth and twentieth electrons both 


enter the level n 


fci I 


0. TTowever, in the atom with 21 electrons 


(scandium), the twonty-first electron must choose between n 


4, 


I 


1 and a 


3, I 


2, hccan.se the level n 


1 , I 


() will hold only 


two clec:troiis. As one ciiii see from Fig. 10.4, the level n 


4. I 


1 


is hiffher than n 


3, I 


2. TTemre the twenty -first (and the next 


nine electrons thereafter) enters the level.s n 


3, I 


2. 


Thus from u cioinhimition of the Puiili principle with the energy 
clmractcristics of electrons as deterniiiiod by their qiiantiiin nuinl>crs, 
tlie ground-.sbate (lowe.st-cniergy) configuration of an atom or ion of 
any iiuiiilKir op electrons cum he iinder.stoocl. h^or (chemists this is of 
great importance he(?au.se of the relationship between the clec^tronic 
structure of atoms and their clieniical propertic.s. 'Flie periodic table 
of the clemeiit.s, for example, which wa.s Hast detcrniiiied from chcLiiicul 
j>ropertie.s, is completely <*.v]>]aiiied on the basis of the jKU’iodicity in 
electronic eroiifigiiratloii.s of tlie atoms. In '^L'ublc 10.3 arc suiiiuinri/ed 
the electronic striu^turtKs of llie cliemural cleinetils. For detailecl dis- 
cussion of these strnctui’e.s, one shonirl ndcr to any stiindard text on 
atomic S])ccLra, of which several are listed in Cxciicral ittdcreiice.s 10.1 
to 10.(h 

For the specvtro.scopist, wIh^ is in tores LimI in aU tlic; electronic energy 
levels, an uiidorstaiulirig of I he slnictiire of p<jIyclccti‘oTiit! atoms is 
likewise of piiraniouiit iniporlance. Spc<‘tro.st*opic jirinciplcs that 
follow from Ihc previous reasoning are given heitswitli: 

Sf-tnilitfii}/ of .vprc'/rffi of intwlffclromt! find lon.v. *^l'hc operation 

of the Pmili principle i.s not ilepeiuleiiL oii the .size <>f the ])ositivc 
charge on the ti Helens of an atom. The priniary effect of ii c.liiiriigc 
ill this charge is a eliaiigc? in the .sirale of the atoniic-ciicrgy levels, 
^Ve iuclicaled this hi oiir discaission {§ 10-1) of the .S|icclriiiu a? tlie 
Iietiiiiii ion llc*^, the energy levels of which were tlio.se of the hydrogtm 
atom, cxccjjI for a scale factor of 4 assocsaled willi llu* double <4iargo 
on Ihe heliniii iiiK^leii.s. As a result of tlic Fauli principle^ one (;iin 
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TABLE 10.3 


ELEcmoNic STRucTURiaa OP THE Atoats* 


1 

Piemen t 

1 

Number of 
clcctron.s 

1 

Inner 

electrons 

1 

OuLcrniosL cloctroiia 

_ _ . . 1 

Ground leriii 
symbcNl 

n 

/ He 

1 i 

■ ■ ■ P 

h ■ ■ » 

u 

(t*)! 


Li 

3 1 



^Sif2 

Bo 

4 


(4*)" 

hSo 

B 

S 1 


(2w)*2/j 


C 

■ 

Q 1 



“Po 

■ N 

7 [ 


(2#)»(2y>) 3 


O 

8 




P 

0 



VVi 

No 

10 


(2»)>(2p)« 

1 


Na 

11 


3m 


Mg 

12 

1 

(3,y). 

''S’o 

Al 

13 


(;).v)=3/i 

*Pl/s 

Si 

14 



V 

1.5 

Q 

(3rfp(3/j)3 


S 

10 

s 


*p, 

Cl 

ir 


(3ff)*(3p)fi 

*/‘k. 

A 

III 

1 


(3*)=6Jp)* 

’.S'u 


10 


4# 


Ca 

23 

rHi 

(4.v)4 

hS’o 

Sc 

21 

V 

3d(4.v)“ 


Ti 

22 

p 

(:kO=(M* 


V 

23 

& 

(Ik/)3{4.v)« 


Cp 

24 


(JkOi^bv 

?N, 

:Mn 

25 





* Cnliimn 1 llic chttmiciii syiiil>ol. Colmnii 4 ^^vns LFui iiiiitil)c*i' cif cEoc'trfuiJi 

tiiLtTOliiicliiifj the iiucIciiH (tliuL isi the mtnthvf) iiT oiicli clii^iiiiciiJ ('Iriiioiil. f'ol- 

itnin ilshowM the iiiiml>cr niicl ctiMlribuLion of inner ele<TLroii.s, wliicli iiit^ iIionc elertrons 
iificliniigcd alicmical reiiGliciii, For brtsvily, tiiese are exf)r['HH(;il iti tiTin.H of the 

clcclronic conilgiirjilinii of the i*iLrt»-a«s iiLoitiH. 'I'lic iiiitor el«c‘(.rnjis in l.i, for eMiiii|ilf, 
fire the t>ro Is elccLroii.s, \vliic:h Jiavc the Miimc fimiii^eiiioiiL tiuiL t»iie finds in Ilv 
Atom, III Nfir llic inner dec LroiiA urc the two 1-v. Llii: Lwo iirii] tin* six eleelrciiis, 
which iff Just lIig nrrnn{>Gnicnt in No, and ho on. ('oliitnn 4 lisj.s itNiinitidiT of llic 
electrons. Tho “exponent’* of the bruckelcMl synili<il.s inc[k‘iiLc.s iJie iiiiinlier tif chK!- 
trons of the type within the hrnckcbH. For example, (l.v)“ menus “L\v<> I# elerl roiiN.” 
The j^iind term symEiols in column 5 nre ex jihi ini'll in Lin* text Altliciiidi 

these .sytnhols can lie worked out from the electroiiii* ciTiifi^iirnt ion in coliiiiiri ‘t, it. 
must: he rcmenilHircfE that the reverse procedure is l.hc oiii! jictiinlly followfii. 'I'he 
f;r<»iizid term syinhoi is cictermined hy an aiirdysis of (.he spi'cl riiiii. nnd from il. (he 
cloi'iroJiie co'nfijjiimtinn is inrcrrc<l. When the k [>('<■ Lro-scopic eviiU'iice for Llie f^roiiini 
tonn .syiiiboT is not clear-eiit, the symbol is rnnrkei] 
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'PA 111 *I'j 10.3 — Coti/in ucfl 


Ki..kcthoni(; STHiU’TUitiai of tiik Atomh 


ICIctiicnL 

Xinnlior <]f 
rloc'Lrtni.s 

Timor 

oloolrcins 

1 

OuLi^rtiicKsL oloeLrotis 

Cl round icrni 

Myniljol 




<3i//(4y)“ 


Co 

s27 


<;wy(4#)a 


Ni 

2K 




Cij 

an 

fli 



Zii 

30 

V 

wJ 


bS'o 

Ojt 

31 

0 


’/^/a 

CjO 

3i2 

w 

Ef 

(3(/)n*(4rt)2<4/j)a 

^/*o 

As 

33 


(3rf)«»C.|.-»)*(4jj)» 


Se 

31 


(3rf>'®Cl«)®(4y>)* 


Jir 

3.1 


(3rf)>'>Cl^)®(47>)* 

® ^*a/# 

Kr 

30 


(3//)‘<^C4.v)a(4p)“ 

'.So 

Hb 

37 


fid? 

-S|/a 

Sr 

3H 


(5jf)a 

bSo 

Y 

! 33 



VJ,ft 

Zr 

40 

1 

1 

<4i/)»Cfi#)a 


Ch 

41 




Mo 

4!^ 




Tc 

43 

'ja 



It 11 

44 

Vj 

C4r/)M.-f 


Ith 

4.1 

0 

<4</) M.-i 


l»cl 

Ml 

a 

W) •'* 

IN., 

Ak 

47 


(ritf) ‘".jirf 

“.S,/2 

C<1 

4K 


C4rf)‘“(;>J«)* 

l.So 

In 

43 


C4r/)“'(fiAyJij/i 


Sii 

.10 



V'o 
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T A I ILF 1 n .3 — Con tin tied 

ELCCTUONrC STHMCTlJJil'a^ (IP TIIK A'lXlMH 
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niiikc tlic gencrnl statement tliiit the encrify leiH’ln nf tu'o (itomx or wn 
loUh tJie aaaie number of electrons (which iirc calUul Inoeleclronie will 
one nnotkiei*) are closely svtnilar except for a Jaclor. ^riic dose 

tlie two nuclear cliargcs, of course, the closer the siiniliirlly anti Lli 
smaller the scale factor. 


-I Ills similarity of isoclect conic sjiotrtra was first recogiiixetl eiii 
pii'ically and was eiiimciatcci os the dis pi avc menl law bj' Kossel Jiiv 
SnniiiicrfeUP : The sjjcetriim of an ionized atom of net positive ehiirg 


^ J<o«se] and A. Sonitiicrrcld, Verft. tier dcittsch. p/tf/ft. fiV.v., 21, 440 (1010), 
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c has a structure closely analogous to that of the neutral atom o 
places ahead of the ionized atom in tlie periodic; table. 

The alleniation of multi pliciiics, Acciording to the displadcineiit 
law, a neutral atom and the singly ionized atom just following it in 
the periodic tabic should show the same kind of Hpectruiii, indmliufj 
the sam mulliplkiiies, /Vs was mentioned in § 10.4, atoms and ions 
with even numbers of electrons show odd multiplicities* and vi(;e 
versa* and so isoelectronic atoms and ions should be expected to show 
tlie same multiplicities. Tm neutral atom atljaceiU in the perunHc 
table differ by one electron, and accordingly show respcdivelp even arid 
oddy or odd and everts muUiplicilies. This pattern is illustrated in 
Table 10.4, wliicli combines the displacement law and the law of 
alternation of nuiltiplicitles for the first long row in the periodic tnlile- 
Thc masiiuum multiplicity of 8 in Mn, Fe"^* and is (calculable 
from the Pauli principle; os the shell with ?i = 3 fills up beyond the 
halfway point* more and more electrons have to pair u]j thcii' spins, 
with consequent decrease in the possibilities for inultiplicityf 
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Molecular Spectra and Molecular Structure 

I 


Atomic apEC'mA. arihic from vuM'UvnioNrt tn motion nlxmt a siiigl 
Iietivy i>osi lively eliargetl iiuelcua. Tlic motion f>F the atom us 
whole, which is es.se tibiiilly unnccclc ruled striiight-liiic moLioi 
itiflueiices atomic apectrii only in a relatively iniiior way through tl 
Doppler effect. In a molecule, on the other hand, the clccttons ino^ 
about two or more heavy positively charged nuclei, and the nud 
themselves not only move together in a striiigh tdiiie Iranshition l> 
also rotate and vibrate periodically about their c:eutcr of gravit 
These latter luotious, being i)eriodic, exhibit s])cctroseopic activi 
on their own account, and iu addition infiueiicc the electronic spetjt 
of the molecule. This influence, which is missing from atomic .spc 
tra, results in a highly complicated fine structure. The details of t 
electronic spectra of molecules, us well us those s[)ec:tra concern eel on 
witli molecular vibration and rolnlion, will be (M)iisidcrcd brioflv. 


liNKRGY LKVICLS 



MOMiCUldiS 


A rundamental statemenL about energy li'vcls in molecules is tl 
the molecular energy, is tlie sum of its l.ranslalional, roUilion 

vibrational, and elec?tronie energies: 


Tile trunshitioual energy, irummi has no signifieiinl efVeel on molecn 
spectra, and will lieii(;erortli be disregtirded. 


11,1. Rotational Energy Levels in Molecules, The roLaiio 

energy, of a molecule is directly related to the angular velo( 

with which the niolecnle rotute.s, U. is a result of t|iianluin incclmi 

that a incjlecule may not rotate wilii any iirhilrary velocity but o 

with certain restricted velocities, and Iherefore I lint only certain 

.strieled values of are possible. 'The set of ])ossible ''a 
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may be adienintically represented by lui energy-level dingram 
analogous to the diagrams previously given for nboinic energy levels. 
The appearance of the rotational energy-level diagram is strongly 
dependent on the geometrical form of the molecule, because the rota- 
tional energy depends on the mmnenis of inertia of the molecule, 
which in turn depend on the molecular geometry. Every molecule 
except those whose atoms all lie on a straight line has three intersect- 
ing, mutually perpendicular axes, ])nssing through the molecular 
c6nter of gravity, about which the molecule can rotate tind with 
respect to which the three moments of inertia lire calculated (see 



Pig* H-1. How molecules rotate, (ii) liiiic'iir Minlc*i‘ii]t' (H) 

Spliuricjil lop (iirituilim licvnlliiuridi!). (t:J SyiuniiUrif’iil Lop (.iiiii niiiiiiii}. (i]s 
A metrical top Cwutcr). 


Eig. 11 , 1 ). Each inonieiiL is ii.ssnc!iated willi out* of ilit* three axes 
and is tlelermirietl .11111 iierically b}' iniilliplyiiig Llie mass of t'ach atom 
by the .Sf]iiiire of its distance from the iixis, and jultliiig up tliesi* 
proflucls for all the atoms in the inoleeiile, Syinbolieiilly, 


fo 


\ 

I^I 




Here is the incmietit of iiicrlia iihonl axis ti, and Hii and r,-a a pi*. 
respectively, the muss and the dislauee from « of a loin The sum 
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includes all N atoms in the molecule. ICqiiatioiia Ulcnticiil with 
Eq. (11.2) except for the diffei^nt values of give the momenta It and 
la about the two other axes b and c. Ordinarily, the three mom cuts 
of inertia have different numerical values, but sometimes the molecule 
boa a syinmctrical geometry that leacLs to two or even three equal 
values. In the former instance, the molecule is known ns an asym,'’ 
metrical-top rotator* and in the latter two as a syvimetr teal- top rotator 
and a sph&Hcal-iop rotator, respectively. 

When all the atoms in a molecule lie on a straight line, tlic moment 
of inertia of the molecule about that straight line as an axis is zero, 
because all the n values are zero. In such a case, the molecule cannot 
rotate about the straight line determined by the atoms, but only 
about Intersecting axes perpendicviiar to it. ^Thc moments of inertia 
about these intersecting axes arc equal. Such a molcciilc is a linear 
rotator. 

The rotational energy, T'Krot^ is entirely kinetic. It dci>ends on the 
rotational quantum numbers of the molecule in different ways for tlie 
different kinds of rotators. For the linear and si>lierical-top rotators, 

only one C|uantuin number, ./, Is involved,'!' and the equation is 

■ 

IFroi = J (./ + I ) Jthc (1 1 .S) 

where li *= ~r ■ The vuhies of J are 0, 1, 2, fl, . . . , «> . 

HTT-Clb 

In Ihe synimetrieal top, the ee|ual.ir>ii Is 

IKna = - lObe (11. t) 


where f ' = 



The (|uanli]iii immber K can have both positive 


ami negative viilueH )>ut cjiii never exceetl J numerically. 

There is uo general expression for the energy levels of the asym- 
metrical top, which depend in detail on the relative values of /(,, 


* 'I'Im’ wunl /op is iisecl li«rc iii the .sense nf llie cliil-ir.s Lny, wliicli. iiu'wleiiliilly, h 
iisiiiklly II Myuiinelrieii.1-Lop roLiiLnr. 

thrills (|ii» Ilium iniiiihor is tit>l lo be with Iht; iiUilnifi C[uiiiitiiiu iiiiiniKfr 

of H KL-k. Ill llu* iiliHiiic CHse, J llu; inUil i'lc*<'Lroin<: inoiiioiiLum 

^vlicri'u.s J ill tlic luolci'ulc iisiuilly i.H l.tiu iikIck I ti I be lottd airifTiiIir mimicnl inn 
rohition of Lite niitrici iilicniL llu; hkiIls'iiIjiv in boHi enstts, linwcv'cr, Uie rc^lnlioi 

bi'Lwcnn J iiiirl Llic iinKuliir iiionuMiLiilii is LIk- siiiiic. Jiaindy, 


An/'uliir inonu'iiUuii 


/,/ (./ I) 
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and 7a . However, the ciiergy-.levcl scheme can be inferred qunlita- 
tively from the fact that it approaches that of the syintncLrical top 
when two of t]ie values of the moments of inertia approach one 
another. 

It will be noted that the rotational energies go up as the square 
of J/ that is> as J gets larger, the sj>acing between levels gets larger. 
This result is in contrast to the electronic levels in atoms* which get 
closer together as the principal quantum number gets larger. More- 
over, the energies of rotation arc inverseljf proportional to the inoinent 



Fig. 11.2. Rotatioiial energy levels for molecules. 


of inertia, so that foi’ heavier iiioleciiles, both the energy levels anil 
tlieir s]>acings arc smallei* than for llyhler molecules. Kigurc ll."® 

h 

0 arc also those of a 


shows the lowest energy levels of a syinnietrieal Lop in which 7„ 


* T 
2 ■ 


Tile energy levels in the cohiiiin K 


lineal' or spliericnl-top rotator whose moment. <ir inertia is siiinc 
TOq. (11.4) reduces to Eq. (11.3) when I< = 0. 


'riie 


rotational 

energies of various kinds of molecules art* sninniiirixeil with examples 

in '^rjibh^ n.l. 

The preceding discussion is valid only for inoIcculeH that ean 
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rotate freely; therefore the rotational energy -level cUagrams are valid 
only for molecules in the vapor state. In liquids and solids, rotation 
is usuiilly hindered or stopped entirely by iiitermolccular forces and, 
veith rare exceptions, the rotational energy levels are ‘^smeared out” 


TABLKi 11.1 

Rotational Enkrcju-m in MoiiKCirLii^s 


Typo of ' 
rotiiLor 

Miimenbs of | 
incrLui 

RtiUilioiiai 

CIlCrKH^H, VKroJ 

Gcciiiiclrtciil 

foriiu 

Kxninplea 

Linear 

1 
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1 

L - 1 

1 /*! “ ib\ ^ (M 

1 JU + 0 fihe 

Slrai^liL 

1 line 

1 

1 All diaLoniii! 

iiiolceiilcM; 

cuirlioii iliox« 

^ Lfle; nccLylciic 

SplicricjLl U)p 

1 

1 

1 

1 

■ 
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Jfx ^ 
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J{J H- !)///«? 
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, 'roLrtilunlroii 
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Mctbnnc; 

plioHphortiid 

Oetiiliotlnni ' 
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Urniiiiitn licxa- 
fliiorirlo 

(!iil]0 

None known 
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By nil lie Lrioul 
, Lop 

1 

1 

1 

1 

1 

. fa = A 7^ /e 

1 

1 

1 

1 

' 1 

1 

1 

»/ (i/ -H I ) 1 

1 +A 3 (f'— /OAr] 

1 

Any syiwinoLr.v 
with only *hic ' 

1 ilim'ifolil c>r 

hifilior .syiiime- 

try iLKi.H, Ml lull 

iik: I 

■ 

1 

1 

1 

1 

1 

1 

Tri|?oiuil pyni- 
mill 

1 

Aiiiimmiii 

1 1 

'['rif'otiiil primo 

('yi'loproi^jiiiG 

I’Uiiie 1 10X11^011 

BeiiKeiLc 

Any 111 11 let ritiil 
t<)j> 

. f ii ^ 

1— -- , 

No Ki'iienil es- 

1 prossimi 

1 

1 Any HyjHiiiclry 
lucking 11 ihrec^- 
rold or lii^lior 
Hyniniolry iixim 1 

\1 11 m 1 poly* 
iiloinic iiu>le- 
1 eiiles 


into a conthiuiiin of levels. Accord ing'ly, the stinly of rotation t 
spectra is almost entirely eon/iiied to t.lio.so molecules wliich citii 1: 
ohtuinetl in .satisfactory concent rations in the vji]>or state. 
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11.2. Vlbrationajl Energy Levels. A niolecnle c:oiittiinitig N atoms 

has SN kinds of motion. Xlircc of tlicau arc simple translation, and 
three, ns we have just seen, arc rotations about the three axes of 
inertia (two if the molecule is linear). There are therefore 3N — 0 
additional kinds of motion {SN — 5 if the molecule is linear)- These 
are all, vibrational, and associated with each kind is a vibrational 
frequency. As long ns the vibrations arc not violent, that is, arc 
restricted to amplitudes less than about one-tcntli the average dis- 
tance between atoms, the vibrations arc essentially harmonic. The 
actual form of tlie vibrational pattern may be quite complicated, but 
it is always possible to regard any hartnotiic vibration whatever ns 
tlic supcri^osition of two or more simple vibrations called the normal 
vibrations of the raoLcciilc. 


In a normal vibration, the atoms all move with the same frequency, 
which is independent of the amplitude of vibration, and their <lis- 
placements from the positions they occii{>y in the non vibrating mole- 
cule vary with time in pure sine- wave fashion. There are 3 jV — 0 
normal vibrations, and the 3N — G Frequencies associated with them 
are called the fundamental frequencies of the molecule. These fre- 
quencies may all be different, or there may be several pairs or triples 
of vibrations with the same frequency. IJecause the fornis of the 
normal vibrations are strongly dependent on the syinniotry of the 
molecule, symmetry is of great help in the detenu illation of the vibra- 
tional amplitudes and frequencies. Eor example, it 6a ii be shown 
that any molecule containing a threefold or higlier axis of symmetry 
will have a certain number of its fpequencics o(;€;urriiig in pairs, iind 
a molecule with two or more threefold or higher axe.s will have u 
certain number of frequencies occurring in tpiple.s. Syiiiinctry is Jilso 
<lcfinitive for selection rules in vibrational spectra. The normal 
vibrntions of several simple molecules are shown qualitatively in 
iMg. 11, fl, in which tlic displnccmoiits of the atoms are dei>icted by 
arrows and by -f- and — symljols. The latter iiHlicale resiiectivoly 
di.s place 1 11 cuts above and below the plane of the page. 

Tile vibrational energy levels of a molecule form a siiiijilc pattern 
as long as the vibrations are harmonic, since in l liis c:a.se ea(di vibnilioii 


contribiite.s a set of energy levels to the palleni that is iii<lepeiideiit 
ol till’ energy levels of the other vibrations, ’^riu' relation between 


the eiit'rgies of one vibration whose rrec(ueiu\y i.s I'l aiul tlic 

vil»r:i(iotiHl quantum mimlicr «?i for that rre<iiieiHry is 


— (oi H“ i)Ai-'t 


(1 1 
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where Vi = 0, !» 2, 3, - . . . There is a separate quantum number, d, 
for each vibration, and the energy-level scheme is obtained by adding 
up the equations like Eq. (11,5) for all the SN — tt vibrations: 


;j A' - fi 


IV 


vlb 


22 (®i + i)hvi 


(xi.e) 


1 


The following characteristics of the energy levels of a single frequency 
inaiy be noted : 

1, The energy levels arc equally spaced, the spacing being fiv\ 

2. The lowest energy level (jj ==* 0) is not at zero energy but nt 
iky. This minimum energy, which remains with the vibrator oven 
nt the absolute zero of temperature, is called the zero^paint energy. 


(a ) Diatomic Molecule AB: 
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(b) Linear Triotomic Molecule ABA 
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(d) Planar Symmetrical Molecule 
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Non-linear Tnatomic 
Molecule ABC: 
ABC 



ft) 


(2) 


(3) 



13) 



Fig. 11.3. The normal vibrations of some small molecules. 

Eigure 1 1.1 shows a few of the energy levels of » single vibriilionid tie- 
grcc of frcctloin. Such levels would eonstitiiLe the entire vil>rjLtional 
energy pattern for a given electronic state In a diatomic molecule, or a 
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■ 

btqrII part of the pattern for a polyatomic molecule. The lower levels 
have been drawn with approximately equal spociug, in accordniico 
Tvitli (11.5)» but the higher ones are crowded together somcwluit 
to illustrate the effect of atihar^nonicity , This effect is always present 
and is a consequence of the fact that the forces between atoms cannot 
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Fl£. 11.4. The vibrational energy levels of a diatomic molecule. 


I)p tlt'scri l)t?d accurately by shniile force constants but vary willi 
iji j.pf'a l.oinic sej>aPaLioii in a more coinplicabci I riisliioii. 

Fii oi-ifiT (.[> indicate the relative inagnitudos of vihratioiiiil and rola- 
lional c'lKT^y levels, a Pew rotational levels are siiperiiiiposccl on Lius 
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lowet vLhrational levels. rTlie levels arc those for a rliabomic molecule 
whose vihratloiiul fretiiieiicy is lOOC) cm“^ and whose rotational 
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viiliLC cmlin^ in Lwt> siurti.s iiumiis thr rr<!qti(Mic‘y vritiv^ tsu mneh ns =1= KH) 
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iinidc; isocyitnidc; kat, kelmic and iilfleliydu. 

constant li [I5c(. (ll.fl)] is Ifi eni~^- bhteh of lliese levels eoiTcs- 
poncls to u imrtieiihii' value of v, the vihi'alioiitil (|uniilniii inimlxrv, 
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and to a particular value of J, the rotational quantum number. 

An interesting result of the study of the vibrational spectra of 
thousands of molecules is that many of the vibrational frequencies 

of a molecule arc essentially those of very small groups of atoms 

■ 

within the molecule, and that these frequencies are characteristic of 
the groups of atoms regardless of the composition of the rest of the 
molecule. Thi.s fact is of great usefulness in the applications of 
s|Kctroscopy to the study of molecules containing more than three 
or four atoms. It servos as a basis for qualitative analysis of mole- 
culcs and for the elucidation of molecular structure. Not all molecular 
frequencies, however, are group frequencies, since each molecule also 
contains vibrations which arc chfiractcristic of the molecule as a whole 
and which are strongly dependent on its over-all structure and com- 
position. A list of characteristic group frcqiicTicies is given in 
Table ll.£. 


ll.S. Klectronlc Energy Levels. Elec'trons in molecules have four 
quantum numbers, ns do electrons in atoms, and morcoever arc 
.subject to the restriction of the Pauli principle. They may he 
classified into three kinds: those which belong to a single atom, 
those which are shared by two adjacent atoms, and those which arc 
shared by more thon two atoms. 

The fir.st kind of molecular electron consists of tlio.se electrons in 


the inner shells of the atoms in the molecule. They dilfcr little froiii 
the corresponding electrons in the atom when it is not part of a mole- 
cule, and they do not contribute to the bint ling forces that bold the 
molecule together, Their contribution to the inolccular electronic 
level.s may be disrcgai'<lcd. 


Tlie second kind occurs in all molecules, and nece.ssurily nil elec- 
trons in din tom ic molecules arc either of this or of the prciccrliiig kind. 
An electron that is shared by two iLbonis has a .set of quaiitiiin nurn- 
hcT.s which is similnr to the set of aloinic (jiiiiiitiini iiiinibers. The 
flinTeroLice lies in the replacement of the qiiiintiim jiuinber itt by a 
new’ iiimibcr (iisuidly called X), which is .simply the index to the 
orientation of the electronic orbit with res]K'ct to the iiLteraUimie 
avis. The restrictions on the four quantuin iii]iiiber.s, n, 1, X, ajid .v 
are the same a.s tho.se in atoms. Specifi<^ally, X can be either ]>OKitive 


(Ji‘ rii-gntive but never larger numerically Lliaii /. I.ii diatomic mole- 
cules, I ho X^s and spins couple in a miiiiiier (|uite a]iaUjgoii.s to the 


coupling of Ps and spins in jitoni.s. 


The algebra ic total of Llic X’s 


(c'lille^d A) represent.-? the 


projection of the total orbital angLilur iiiomeii- 
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turn of tlie electrons on the interatomic axis. Tliia total is denoted 
by capital Greek letters S.II, A, P, . . . , where A = 0, 4, 3, 4 . . . . 

Term symbols, by analogy to atomic symbols, arc written 

"A 


For example, the lowest electronic state in ILi, Ns, and HCl is ^S; 
in O 23 ®S; and in NO (nitric oxide), ^11. Most cliciriicully stable 
diatomic molecules have ground states. There is iKSually no siib- 
scri]3t iinalogoiis to the atomic cjuiintity Jy because the total angular 
momentum of the molecule changes fi*om one rotational state to 
another, and therefore the total angular moTiiciitiim is not deter- 
mined by the electrons alone, as it is in atoms. However, other 
symbols arc often added to to give additional information about 
the electrical structure of the molecule. These arc discussed in detail 


by Herssberg in General lleFcrence 11,9. 

Tbe close tiiiidogy between electronic quantum numbers in atoms 
and those iu diatomic molecules enables one to truce tbe anecsti'y »t 
diatomic quantum numbers to the atomic quantum numbers of tbe 
outer electrons in the two atoms of svhicb the molecule is composed. 
There are wel!-define<l rules for this cori'chition, which lead not only 
to an understanding of the electronic cpiuiituin numbers in the mole- 
cule but al.so to at least a seniiq nan tita Live estimate of the locations 
of the various electronic energy IcvcKs. 

An important feature of the electronic energy levels in molecules 
is the dependence of tlic electronic energy on the distance tween 
atom.s. Figure 11,5 show.s this de]iondence for two ililTfcrent elec- 
tronic states in a diatomic molecule. The curve for eacdi kIuLc, 


called a 'pnUmtial curve or Morse citrvG-, shows llu? intern loinic^ <liKtn!ice 
lit which the electronic energy is a miniiiniin (I bat is, the equilibriiirn 
distiuicc r*) as \vell us the energy dilVereiu^e belweeii this iniiiimuin 
and the liiuiting value reached by the elcelroiiic energy as tbe inter- 


atomic distance gets very large. This energy ilifTereiiee i.s tbe dis- 


sociation energy Dti of tbe molecule. In addilion, vibrational energy 
levels of the two electronic slates arc drawn rcaiiglily lo scale on the 


curves. The two inter.scidions of each vii>riitioiiaf lev 


with tiic 


potential curve give the maxi muni anil iiiiniinuin values of r during 
the course of the vibration iiorrespoiiiling to that level. 

The two clctrtronic energy levels shown in Fig. 1 1,5 arc low-lying 
levels that would cairrespond to small values of a. ^Pbe levels for 
higher values of n converge its n gets larger, just us do tlie levcl.s in 
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atoms. This convergence appears experimentally in the form of 
Hydberg series in the vncuLum ultraviolet absorption spectra of many 
molectiles. The limit to tliesc scries is an ionization potential of the 

molecule j jtist as it is in atoms. 
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eo.ooQ 
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Inleralomjc distance, r, 
in Angstrom units 


Ffg. 11.5. 


Variation of electronic energy with, interatomic distance in a diatomic 

molecule. 


Tlie Lhircl kind of electrons in molecules eoiisist-s of thr>.<ie wliieli 
cannot he localized on a single atom or ti pair of at<Jins. 1 1 is ilifnciilL 
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to assign quantum numbers (except for spin) to this kind of electron, 
since the mean in g of the riuiintiim niimbors varies from one molecule 
to another ns the gcomotrieiil form and luiinbcr of atoms in Llie mole- 
cule cliange. A common practits; of molecLilav spcctroacopists^- ^ is 
tlicrcforc to assign a term symbol to etich energy level arising from a 
collection of such electrons in a molecule without attempting to 
evaluate the quantum numbers for the individual electrons. Those 
term symbols are useful in the evaluation of selection rules for transi- 
tions between the various levels and serve as a description of the dis- 
tribution of electrons of this kind in the molceu-le on the basis of the 
molecular geometry. Unfortunately, it is not feasible to interpret 
these term symbols by means of the eonveiitional structiirnl formulas 
of the organic ehcinist, or by means of Ijcwis® “dot -strutiLiires,** and 
we must refer the interested reader to the articles just cited for further 
information. It can bo stated in general, however, that electrons of 
this kind have much smaller energies than the (ither two kinds and 
therefore give rise to spectra in the near ultraviolet, the visible and 
even the near infrared. 


The best examples of the third type of clccti’ona arc found in 
molecules possessing what the organic chcinisL terms c 07 ijuffaietf 
double botuh. Kacdi atom in the eonjitgiiLcd chain of atoms contrib- 


utes one such electron to the iuolct!ulc*s collectmn, but those electrons 


may be ivgarded as belonging collectively to all tiie atoms in the chain 
rather than to a particular atom, '^rhe energy levels assoeiated with 
such electrons are clmmcLeri/.C(.l by relatively low energy and by 
small and rather regular .separatitnis from each other. It bus long 
been reeogiii/.etl that these levels 411*0 of great iinportantje with re.sper-t 
to both the chemical iiroperties ami the visible and ultraviolet absorp- 
tion specrtni of the molecule. They arc highly charucrterisLic of Llie 
geonietru'al configuration of the molecule, and of the nuniher and 
kind of <louhle bonds in tlie conjugated chain. 

An important empirical stateinenL c€>iureriiiiig electronic energy 
levels in molecules is that the cniergics tDf electrons In smal] grc)u])s 
of atoms are often influenced very little by the attachiiieiiL of jieigb- 
boring groups of atoms of vju'ying kinds. 'I'liis coiLce|.kt wivs [IrsL 
advaiurcul by dye c;lieiuisls. who noted tliat trerLain gi'oii[)s uF atoms 


^ It. S. tfoiir. f.'ht'itt, /’ft//-'*., 7, Wl ril^MD). 

“ Stt« (joiionil I 1 .(t 77 ./T- 

® Sec, fill' eMUiipUi, lj. Ptniliii^, ytitnn‘ nf fitr ( 'Jirntttuti Kruni, 5 tif firl., Clornt'll 

PresH, llhacfL. lU-l-l-, 
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in an organic compound cause characteristic absorption oF visible 
light irrespective of the nature oF the rest of the compound* Such 
groups arc called chromop/torent that isj color carriers, but they arc 
not by any means limited to groups absorbing in the visible region 
of the spectrum. 

As an example of n ciiromophore, one may consider the bcTizcnc 
ring. TJic First excited electronic level in l^cnzene lies some 38,000 
cmT"* above the ground state, giving rise to al)sorption at about 
SQ50 A in the ultraviolet. IMnny compounds containing the benzene 
ring, such as alkyl benzenes and the holobcnzenes, show ab.soi^jstion 
very close to this wavelength. Certain other derivatives show tlic 
absorption but at somewhat altered wavelengths (about 20*50 A in 
the cose of aniline). ^Viien a substituent group, such as tlic amino 
group in aniline, has a noteworthy effect on the wavelength at which 
absorption occurs, it is called an atixoohrome . In the special case 
that the change in wavelength is to longer wavelengths, that is, to 
lower frequencies, the group is called balftochroinic or color-lowering, 
the lowering referring of course to the frequency and not to the iuten* 
sity of the color. The distinction between a chrornophore and an 
auxoclu*onrie begins to lose sigiiiHcance when tiie effect of the aiixo- 
chroine is so large that the characteristics of the chrornophore arc 
altered greatly, os when nn auxocUroinlc group can conjugate with 
a chrornophore to lengthen a conjugated cliaiii. In .such a case the 
lengthened conjugated system is more properly regarded tis a new 
chromopliore in its own right. 

A chrornophore can absorb light by virtue of transitions between 
electronic levels either of the two-atom kind or the inany-atoin kind. 
An example of the two-atoui kind is the carbonyl groii]) as found in 
aliphatic ketones and aldehydes. This chromopliore has a <;harnxv 
teristic absorption at approximately 2800 A which is ossociiitecl with 
ft transition between two electronic levels associated vvith the car- 
bonyl group alone, as is shown by comjmrisoii of the s|K*<?triL t)f 
foL'initldehyde, higher aldehydes, and aliphatic ketones. Tlic beiizoiic* 
nucleus cited above is an example of a inany-atoin cliroiuopliorc, .V 
more striking example is the porphyrin ring system foiiiicl, with 
assorted auxoehromie substituents, in many nabnml piginciiLs such 
as hcinin and chlorophyll. 

In Table 11.3 are Listed some chroinophoric groups whose iibsorp- 
tioii lies he tween 1700 and 0000 A. The coliiiniis imirkcil ami 

* give* respectively, the Longest wavelength at whicli iiii uLisorptioii 
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maximuin occurs lu the si>ectt'um of the chromopliore and the com- 
mon logarithm of the molar extinction cocfHcicnb e at that mnKimum 
(« is defined in § 14. S). The values of \ni«x ^md log e ai*c approximate. 

They vary somewhat from compound to compound having the same 

■ 

ehroinophorc and change also with state of aggregation, temperature, 

n 

solvent, molecular geometry, and other factors. 


TAHLE 11.3 
CiiiuaioriioiiK? GiioirpA 
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For oacih chroinophoi*c only those atoms are listed which shave 
the clccLron.s responsible for the absorption. Other atoms or groups 
such as liydrogcii atoms and methyl groups are omitted bct;ause of 
their sniall ofYec^t on \mux ^^i^d log e. These omitted groups do not 
tlieinselvcs absorb at wavelengths above A. C lertain gtsieraliza- 

tions of a]>i>roxiinatc validity can be used to extend the iiscfulness 
of Tabic 11.3 : 


1. When two chromophorcs are joined by nii aliphatic link (for 
cxtiniple, — CIls — ) tlicir abs<5rptions are additive; for example, log c 
for two identical chroinopliorcs is 0.3 larger than log e For one. 
When two eliromophorcs are attiiclicd dirocrtly, they form a ne%v 
elirnmophorc who.se absorxitioii doc.s not usually resemble that of 
either. 

The addition of a C=C link to a coiijugate^d eluiin inert^ases 
\nax by roughly 300 A and log e by about 0,3; Llic rephu'Cmetit of 
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0=C in a chromophore by CsC does not greatly affect eiblier 
Xnuue or log < . ■ 


The reader, will find extensive tables of chroinophores and auxo* 
chromes, together mth a comprehensive bi bUogra()hy, in General 
Reference 11.1. jNlore detailed discu^ion of electronic energy levels 
ill diatomic molecules is given by General Reference ll.d, tiiid in 
polyatomic molecules by General Reference 11.6. 


jVtOLECULAR SELECTION UUUES AND THE 

APPEARANCE OF MOLECULAll SPECTRA 

■ 

■ 

In even the simplest molecules, the rich collection of energy levels 
associated with the electronic, vibrational and rotational ticgrcca of 
freedom leads to a highly complicated spectrum. Foi'tunatcly, the 
levels can be disentangLed to a considerable extent, and the interpreta- 
tion of molecular spectra is facilitated by the consequent pos.sibiUty 
of considering electronic, vibrational, and rotational transitions more 
or less separately. This division does not mean that the three types 
of transitions do not occur simultaneously but only that transitions 
of one kind have Tclaiively small effects on the energy levels of the 

other kinds. The spectra associated with the three types are con- 
sidered briefly. 

11.4. Pure Rotational Spectra. Equatioji (11.3) s]iow.s that the 

rotational energy of linear (including diatomic) and .spherical-top 
molecules depends only on a single quantum number */, which can 
have any integral, value. The selection rules for tlii.s q nan turn num- 
ber in pure rotational spectra, that is, si^ecLra in which no vihrational 
or electronic energy changes occur, are ns follows : 

6k J — 0 for molecules that do not have a pcriniincnt electric dipole 
moment,* 

6J = ±1 for molecules that have a pertnanent electric dipole 

moment. 

These rules mean tliat molecules which have no jicnnaiieiiL di])olc 
moment cannot have a pure rotational spoctruin. Examples of such 
molecules are all symmetrical linear inolcciilc.s (Mo. Oo, N 2 , GO 2 , 
Call j, and so on) and all spherical-top molecules (Cri 4 , UPe, and the 

* A niolcciilc liHs A iicmuiiiciit olcctric ilipcilc inoinciil if tm tlic iivcnif^c its contor of 
negnlive cliurge docs nut coincide with its center of |>t>sitivc clitirge. 
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like). Unsym metrical linear molecules (CO, XICI, HCN, NaO), on 
blie other linncl, show a pure rotational spectrum, the appearance of 
which is determined by the energy levels (Fig. It-®)* the selection 
rule A«/ •= =hl, and the number of molecules populating each level. 
The Inst factor depends on the temperature of the molecules; the 
higher the temperature, the gi'eater the relative populations of the 
higher levels [compare Eq. {10.20)]. Tlie combination of Eq. (11,3) 
with the selection rule A*/ == ±1 leads to the relationship 

<7 = ^JB (11.7) 

where or is the wave number in cm"^ of a line in the pure rotational 
spectrum for which the upper energy level lins the quantum number J. 
Since this J cun have only integral valnc.s from 1 to co, the rotational 
lines occur at equal frequency intervals. The appearance of the 



o 10 so 30 40 so 
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0 

Fig. 11.6. Tile pure rotational absorption spectrum of a linear molecule. 


resulting spectrum is .shown schematically in Fig. 1 1.0, in which the 
height of the lines represents their iHjliitive intensity, The maxi mu in 
ill intensity occurs at the J value that corresponds to the most highly 
populated initial level and thus c|c]>eiids on external conditions (the 
temperature) as well as on the rotational energy levels of the molecule 
itself. 


The rotational line spectrum shown in Fig. 11. G can in principle 
he cither an emission or an absorption siiectriiin. However, such 
spectra are nsually observed in absorption because of the wavelength 
region in which they occur, Since the eotistaiib li is hufcntelfj pro- 
portional to the moment of inertia, the larger the molecule, the lower 
the wave niiniber at which the absorption takes place. In practice, 
Ihc absorption niiixiiruim seldom oecnirs above 100 which 


* T)i(. piui; n>hilM>nul Ilnmuii clfpeL of il few mulcfiilos Iias boeii sLiicli-cd. H'hc 
H^luciioii riiks lire tUlfcrcnL in Lliis cusc; in piirlurnliir, ii jwrtniinrtil. elcMrlrit. clipuln 
inoinunl tK iinl ueeeH.sjiry fur blic uffccl. 
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means that the wavelength region is usually longer than 100 ju. Pure 
rotational spectra thus lie very far in the infrared — so far, in Fact, 
that few have been obscr^^etl. Recently, however, the pure rotational 
absorption of numerous molecules has been mensurecl in the *'niicrO' 
wave** region of the spectrum, for whicli X is approximately 10,000 
or 1 cm, and o- is 1 cm“^. The technique of microwave spectroscopy 
is outside the scope of this book, but certainly the spcctroscopist can 
expect much from this field of research. Because of its developiiicnl, 
the importance of pure rotational spectra has been gi*eatly increiiHcil. 

The energy-level scheme for a ay mine trical- top rotator is more 
complicated (Fig. 11.2) than that of a linear rotator, but the nature 
of tlie selection rules simplifies the actual spectrum considerably. 
The rules for A*/ are the same as before, aiirl in addition A/C = 0. 
Hence symmetrical top molecules that do not have a pernniiieiit 
electric dipole moment do not exhibit pure rotational ab.sorption, 
whereas those with a dipole moment have a spectrum ns given by 
Eq. (11.7), similar to that shown in Fig. 11.6. Since neither I he 
energy -level pattern nor selection rulc.s for nsyinnie trical top rotators 
can be expressed in general terms, little can be said about the ajjpear- 
ance of the spectrum of such molecules without ex])licit kiiowlcilgc 
of the moments of inertia and the electric dipole moiiiciib. The 
.spectrum is ordinarily quite irregular and complex. For <lctaits the 
render may consult Chapter I of General Reference 11.3. 

Finally, it should be recalled that the foregoing <ii.sciissioii is vnlifl 
only for molecules in the vapor state, and that ordinarily niolcc?iih\s 
in solids and liquids cannot rotate freely; that is, tliey have no simple 
set of rotational energy levels such as tho.se siiniinariKcd in Table 11.1. 

ll.S. Vibrational Spectra. The wave-nimiber range covci'cd by 
molecular vibrations is approximately 100 to 3000 eIn“^ which means 
that the wavelength range is 2 to 100 g. The experiincntal sliuly 
of vibrational spectra is carried out by means of infrared absor]3lioii 
spectra in this spectral region, and in the v^isiblc region of the .sped ruin 
by means of the liamnn elfect (Chapter 18). Most infrared sIihIw'-h 
are made with prism spectrometers, on which type of instriiinciit llu‘ 
practical upper wavelength limit is 25 g, or low wavc-nuinhcp limit 
of 400 cin~^ I3y means of the Raman effect, however, much lower 
wave numbers — 50 or even less — are observable. 

Although the vibrational energy-level pattern given by Eq. (1 1.6) 
is very complex, the equal spncing.s of the levels a.ssociated with cacli 
frequency, and the selection rules, combine to simplify the vibralional 
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spectrum. The selection rules restrict the changes in the SN — 0 
quantum numbers i>i as follows : 

1. Only one of tlie quantum numbers Vf can change during a transi- 
tion between vibrational levels caused by the emission or absorption 
of radiation. 

This change, Aw, is -1-1 or —1. 

3. For cei’tain vibrations, Av must always be zero. 

These rules lead to the result that each frequency obsciwcd in the 
spectrum is identical with the frequency of one of the molecular 
vibrations. However, the complete set of molecular frequencies will 
not necessarily appear in the spectrum, because those vibrations to 
which the selection rule Aw ^ 0 always axiplies will not he observed. 
The geometrical form of the molecule determines the number of 
vibrations of this kind. In the infrared spectrum.. Aw is a-lways zero 
for vibrations during which the electric dipole moment remains 
unchanged. For example, in b and cl of Fig. 11.3 the vibrations 
marked (1) have Aw = 0 and therefore do not iippear in infrared 
absorption. In the Hainan effect, the vibrations that do not change 
the nioleeiilur rcFnictivity have Aw = 0. Examples in J?ig. 11.3 arc 
(b) 3, and •ft, and (d), 4. 

Since the geometrical form — often called the teymmetry — of a 
molecule i.s definitive for the vibrational selection rules, the cliissifiea- 
tioii of the vibrations of a inoleeiile according to their symmetry is a 
necessary jH’climinary to a determination of their occurrence in tlioir 
speertruin, or upectroncopic acUvUy^ Once this (classification lia.s been 
iiitide, it is possible solely on the basis ol symmetry to say how many 
of the 3iV — 6 vibrations will aiipear in lioLh the infrared and the 
llanian .spectra, how many will appear in one unci not tlie other, mid 
how many will be forbidden to apiiear in either. Conversely, if the 
liirrared and Jiaman spectra arc known and the iiioletnilar symmetry 
is not, the latter may be inferred! from the sj>ecLra with the help of 
the selection rules. 

Tables by means of wliicb the vibrations of inolccndes may be 
criassified and their spectroscopic activity deter mined have been 
worked out for all the various likely KyinnicM rics (see, for example, 
Ociieral Rcfereucc 11.3, TVbles 33, 3(1, micl .i.j). 'I'wo exam] lies of ilie 
sort of eonclusions which can be di’iiwu from sin^li Tables are as follows : 

1. A molecule that contains a center of .synmielry (for examjile, Ibe 
linear inulecule A/iA in Fig. 11,31)) will never have the same vihniLioii 
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active in both infrared and Itaman spectra. A corollary of this rule 
says that symmetrical diatomic molecules (Hs, Og, and tiie like) 
cannot absorb infrared radiation by vibrational transitions; that is. 
they ^vill have no vibrational spectrum, just os tlicy have no piira 
rotational spectrum. 

2. A fundamental frequency in the Hainan effect wliicli is found 
to be polarized arises from a vibration which is totally syinnictri<‘al, 
tliat is, during the course of which the symmetry of the molecule does 
not change (examples: all the vibrations (1) in Fig, 11.3). 

The vibrational selection rules on whicli the above discussion is 
based aL*e ample to explain the chief featui'es of vibrational spcctm, 
but they must be modified if the spectra are to be interpreted in detail. 
The rules are derived on the assumption that the vibrations arc 
harmonic and that the molecules are in the va]}or state, that is, free 
from the disturbing cifects of close neighboring molecules. If these 
assumptions arc not strictly justified, the selection rules inu.st be 
altered. The chief effects are to allow more than one qiiantuiii 
number v to change during a transition between vibrational levels, 
and to permit Av to be S oi* even more. Thc.se alteration.s ]ierinit the 
appearance of so-called overtones and coinbinaiion tones in the .spc<v 
truin. Such overtones in general are of feeble intensity iu comparison 
with the fundcimenials^ the frequencies permitted by the simple 
selection rules. The Hainan effect and infrared ab.sorption differ 
rpft'i^'kedly in this respect, however, the Raman effect showing stricter 
adherence to the simple rules. Overtones in the infrared spectra of 
gases ill turn are weaker than those in the spectra of liqiiid.s. For- 
tunately, the third selection rule, which excludes certiiin vibrations 
from infrared absorption or the Raman effect or both, is less iiffeclcd 
by tliesc disturbing influences. Again the Raman effect adheres 
closely to the rules, as docs infrared iibsor]itioii in tlie vapor. Only 
ill the infrared spectrum of liquids does one find significant deviation. 

11.6. Rotational Fine Structure in Vibrational Spectra. We Imvc 
already noted that vibrational Frequencies are From liundreils to 
many thousands of times larger than those of rotation. One rcsiill 
i.s that the Frequency of a pure vibrational transition, in which only a 
vibratioiml quantum number changes, differs very little jiercJcntiLgc- 
wise from that of the corresponding transition in which botli vibra- 
tional and rotational quantum number.^ change. In consequence, 
every pure vibrational transition is observed spectroscopically in the 
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immediate neighborhood of a collection of vibrational-rotational 
ti'ansition.s. The various members of the collection differ only in 
the rotational quantum numbers involved, and the collection is called 
a vibratimi-roiation band. 

The positions of the rotational lines in suck a band for a diatomic 
molecule arc given to a fair approximation by an expression similar 
to Eq. (11.7) : 

o- — ayib zb SJJ? (11. B) 

in which Cvib is the wave iuiml>er in corrcjapond i n g to tho pure 

vibrational transition, and J takes the values I, S, 3 The near 

infrared vibration-rotation absorption band of hydrogen chloride gas. 
Pig. 11.7a, illiistriitos the structure of such a band. The left-hand 
side of this band, called the P-brancli, is given by Eq. (11.8) with 
the mitius sign, corresponding to the selection rule A*/ = — 1; and 
the right-hand .side, the /i-braiich. by tho p/a.? sign (At/ — "hi)- Each 
numerical value of J in Eq. (11.8) refers to the hiffher of the two 
Totntioiiiil c| nan bum luiinlicrs involved in the transition, as it docs 
in Eq. (11.7). This .statement means, however, that the J value is 
that of the Tiiilial rotational energy level for the P branch, and Hint 
of the final rotational energy level for the li branch. 

It will }>e noted that Eq. (11.8), with #7 r(\s trie ted to integers higher 
I hull zero, gives no wave mtinber corresponding to the pure fTyiu- This 
liini Ltilion, a consequence of llie selection rule AJ = zbl, results in 
a gap in the center of the vibration-rota Lion bjiiicl. The ccTiter of 
this gap is the wave ii inn her cTvh, [coin]>are (a) hi Pig. 11.7]. Such a 
gap always appears in the infraretl vibration -rotation absorption 
binuls of fUatoinic inoleeiilo.s aiul in certain of the bands of linear 
polyalnniie inolecailes. lb always appears when the dipole mornenb 
of the molecule vibrates imrallel to the molecular line, which is the 
only way the nioTiieiit can vibrate in a diatomic iiiolcciilc. Hands 
with the (reiilral gap arc called parallel bandit. 

in certain oP the vibrations of linear ])olyatoiTiic inolecules, such as 
N<i. 3 ill Pig. 11.3b, tlic dipole moment, viliratcs in a dii'cction per- 
peiidicailiir t<i tlie molecular line. Tlic rotational selection rule is 
Liu'ii AJ — 0, zb 1. As a re.su It, the P am) ft branelie.s are joined by 
a third, I lie Q branch, for wliieli Aj = 0. Sintur there i.s no cihiiiige 
ill rota lion a I energy when J does not cliaiige, the various ineinbers 
of the Q brunch all have the same rrccjiieiicy, which is that of the pure 
vibration. lienee the Q branch occurs in Llic center of Llic band. 



282 MOLECULAa SPECTflA AND STRUCTURE 

Such a band» with and Tt branches, ia termetl a per'pendiGulaf 

hatid and is illustrated in Fig. 11.7b. 

Although few molecules have such simple vibration-rotation band 
structures as those shown in Figs. 11.7a and 11.7b, these can serve 
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Fig. 11.7. Typical vibration-rotation bands In infrared absorption. 



ns a basis for a consideration of wluit linppon.s to the appenrinu’c of 
the band structures when various coiiiplicatioiis are introduced. 
Some of the complications are 

(a) Complex e?iergy-level systems of symmetrical and. a.synimcl- 
rical tops. 
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(b) Targe moments of inertia that lend to nnresolvable continuous 
bands. 

(c) Smearing out of rotational levels in Liquid and solid phases, 
(ci) Changes in the energy-level system pro«iiiced by the mechan- 
ical interactions between rotation iintl vibration and by ceiitriFiigiii 
distortion of tlic molecule. 


In Fig. 11.7 the gross effects of these various com plications are 
illustrated. Figure 11. 7e shows a complex band in the spectrum of 
water vapor, whose molecule is an iiayin metric top. It will be notcnl 
that the regularitic.s present in the bands of the linear molecules have 
disappeared. Figure 11,7c shows a baiifl for a molecule (benjiciie) 
whose moments of inertia are all so large that rc.solution of the lines 
associated with individual rotational tran.sitions is impo.ssil)1c. This 
limitation results, ns we have seen in 15q. (11.8), from the fact that 
the spacing of the rotational levels is inoerHcly proportional to the 
moments of inertia. The rotational band in such a ease is simply the 
“envelope” of unresolved lines. Even this envelope is .smeared out, 
however, if the molecular rotation is liampercd or eliminated by 
condensation of the vapor to a Ihiiiid or solid. TIio same vibrational 
band as obscrveil in the liquid state is shown in Fig. ll,7d. The 
complications introduced into the rotational eiuirgy-level scheme by 
cciilrifugul distortion of tlie inoleculc or by vibration-rotation inter- 
action are important lor the precise inLcrprctiibioii of the spectra but 
are beyond the scope of this brief acc'oiint.* 

Finally, it should be men Lion erl tha t the llaiinin effect could, in 
principle, be used as well as infrarecl absorption for the .study of the 
rotutioiial structure of vibration-rotation bunds. fii practice, it is 
almost never so used because of the di/ficiilty, discii.ssecl in Chapter 18, 
of obtaining the llamiui spectra of gases. The? rotational structure of 
liainan lines in the liquid state is siippressc<l to about the siinic 
extent as that of the infrared absorption band For liquid benzene 


.shown ill Fig. 11. 7d. 

11,7. Electronic Spectra of Diatomic Molecules, 'riicsc spectra 

arise Prom trunsitioii.s during which (jiiiintiiin luitiiber.s associated with 


electronic, vibrational, and rotational energy levels all change. The 


region where such spectra are found, which may be anywhere from 
the vtiGiiiiiii iiltravdoleL to the near infrareil, Ls fie ter mined by the 


ele<‘ troll if! leveLs. 


The eliaiigesin vibrational and rotational «|Liaaliiiii 


* See, fur example, ('luijJl.er IV nf (Jeiieriil Heferenit* 11. !t. 
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numbers iiitrofluce r fine sbnicture (iinalof^ous to the rotational fine 
structure of vibrational bands) from which the najnc ba7id spectra 
is derived. 

Tlio electronic quaiitiiin numbers described in § 11.3 arc subject 
to selection rules similaT to atomic selection rules [Eqs. (10.10)]: 
the total electron spin S docs not chiingc during a transition (AS = 0), 
and the angular momentum projection A may change by only one unit 
or not at all (AA = 0, ±1). Complication.s arc introduced, however, 
because the angular momentum of molecular rotation can couple with 
the electronic spin and orbital angular momenta (compare Riissell- 
Sauiiders coupling in atoms — § 10,6, footnote). Thi.s coupling can 
take place in various ways which are beyond the sco]:)c of our discus- 
sion but which give rise to various additional selection rules. Regard- 
less of these additional rules, however, the general statement can he 
made that the total molecular angular moinentiiiu — .spin, orbit and 
rotation — must change by one unit or not at all. 

11.8. Vibrational Structure of Diatomic Spectra. The vibrational 

selection rules are much more diverse than tliose for vibration-votatiou 
spectra (J 11.6) because of the entirely clifFerciit basis on which they 
are determined. This diversity steins from the relative sluggishiic.ss 
with which atomic nuclei move in a molcciilai* vibration compared to 
the speed of electrons in theii' orbits. The latter speed is of the orilcr 
of 10® cm /sec, whereas the velocity that vibrating nuclei reach is 
at most one-hundredth of this value and usually is much Kiuiillcr still. 
In making a transition from one orbit to another, an electron travels 
a distance of approximately 10”® cm and therefore will require only 
about 10“*® see for the switch. During .so .short an interval, the 
vibrating nuclei will travel less than lO”*** cm, that is, lc.s.s than one- 
hundredth of the i n tcT nuclear distance. 

Since the intenuiclear distance changc.s by less than 1 per cent, 
for nil prncticiil purposes it remains fixed during the electronic transi- 
tion. Hence the molecule will go from one electronic level to mioLliei' 
without variation of r in Pig. 11.5. If the value of r initially i.s r*", 
the molecule being in the ground electronic state and not vibi'iilitig 
= 0), absorption of radiation will carry the molecule to an ii]>])er 
level (point A on the upper curve in Fig. 11. .5) without ehaiige in r.* 
In the upper state, however, the iiitcrnuelear sei>aratioii r,./' no longer 
is an equilibrium separation. To restore ocpiilibriuni, llie inolcMaiTc* 

* JL is stniidard usage to designate upper sliilc qiianl jLioh willi ii single prime* iiii<l 
lower stale qiiaaLlLies with a dtmble prime, 
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in the upper level moves from r/* (point A) to (point /i), picking 
up linear momcntLim ns it does so. This momentum, however, curries 
it past Te to n point of potential energy equal to that at point A, that 
is, to point C. Point C is not a position of cquilibriuLti, so that the 
molecule moves toward again, and again ]>lcks up momentum, 
which carries it back to r/* (point ^). The whole cycle is then re- 
peated; that is, the molecule vibrates between points A iind C. 
This amplitude of vibration coiTcspoiids to i>' — Hence the 
change, Av, on going from the lower curve (v'^ = 0) to the upper 
{v* — 2) is +S. 

If the vertical ordinate through had intersected tlie upper curve 
at some other level, say v** *= 5, Ao would have been -|-6. In actual 
molecules, the value of Av is not restricted sharply to any one value 
but can have a range of values, a few of which are much more likely 
than others. The most probable values coi'rcs]>oad to the most 



Fig, 11.8. Band progression in the electronic spectnitii of tlie 

nitrogen molecule Nj. 


inteiiHC bands in the spectrum. This inelliod of deterinining Aw in 
diatomic clecLrouie spectra is called tlie P^ranck-Oondon qjrincipie*' ° 

The collection of vibrational baiitls associiitcd with a given elec- 
tronic transition is called ii band ftyHetn. In the analysis of such a 
collection with resiiect to the values of v' lual v'* for each band, it is 
frequently possible to assign a regular series of bands to a single value 
of v' and to succe.ssivc values of v**, or vice versa. Such a regular 
scries, called a progrenjtion^ is illustrated in Pig. 11.8 for the molecule 
Na. Another kind of regularity occurs when two Morse curves 
(Fig. U.b) are i‘clatccl in such a way that Av is a constant regardless 
of the values of v' and v". Groups of bands with the same value of 
Av the a occur together ami are called ftef/nences . 

With the help of Fig. 11.5 it can be seen that the value of Ay may 
be r|uite tlifVerenl for tniiisitioiis lieginning on the upper curve from 
its value for I hose Ix'giiiiiing on the lower. If we assume a iion- 


* J. l''riiiH-k. WfiHJf, h'itruti. Sor., 21, ijSS 

* 1-;. I'. < uiuUiii, /Vi//.s. /At.. 28. UH-i^ (IIW(I): 32, HaH (ll)2B). 
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vibrating molecule in the upper state («>' = 0)» the intcrniiclcaT sep- 
aration before transition -will be and thei’cfore the transition will 
take tlie ntolccnle From point 7? to the intersection oF the ordinate r*' 
with the lower curve^ or to point X. This transition hius Aii = —3 
(or —4) rather tlian -}-2 as before.* Hence the energy change asso- 
ciated with the transition is quite different, and the emitted baud 
will occur in the spectrum at some considerable distance From the 
nbsorpiiou band Ac = +2. This is simply another way of saying 
that the emission-band spectrum of a molecule and its absorption- 
band spectrum can be, and experimentally often are, quite different 
in appearance. Part of tJie difference, it should be added, comes 
From the diversity of vibrational excitation imparted by the elec- 
trical discharge or high- temperature flame required to excite the 
emission spectrum. 

A valuable by-product of the vibrational analysis of diatomic 
spectra is tbc possibility of tracing the vibrational levels of the groiiiiil 
state to such large quantum numbers that the amj>litudc of vibration 
corresponds almost to dissociation of the molecule. When this 
tracing can be done, as is often the case, the energy of dissociation 

in Pig. 11.5) can be measured directly and accurately. Indeed, 
the most accurately known heats of di-ssociation, such as Hs and the 
halogen.s, have been determined in thi.4 way. However, when Llie 
dissociation energy is very large, as in Na and CO, it may j^rovt 
difflciilt to follow the usual procedures because of the ti'cinciuhnis 
spectral rnnge involved. This difficulty has given rise to cnn.siclerulile 
controversy over the interpretation of the spcclni of Na and CX). 

11.9. Rotational Fine Structure of an Electronic-Vibrational Band. 
Each electronic- vibrational transition of the sort just described give.s 
rise to a single band of which numerous examples can he .seen in 
Fig. 11.8. Accompanying the transition is a set of rotational energy 
changes that give tlie band its fine structure just as in the case of the 
vibrational -rotational bands depicted in Pig. 11.7. 'riie rotiitioiiid 
selection rules in the two case.s arc quite similar: A./ = 0, ztl except 
when the electronic transition takes place between two '53 levels, for 
which case AJ^ = ±1, These two riilc.s result in per])eiidiciiltLr Jtiid 
parallel bands, respectively. 

The basic difference between the rotational striicjLiire of elecl roiiic 
bnmis and that of vibrational bands arises from tlie Fact that I he 





* lb" (]cJinition. Ac; 
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moment of inertia of n din tom ic molecule changes little in passing 
from one vibrational level to another in the same electronic state but 
changes considerably (sometimes as much as a factor of 2) when the 
electronic state changes. Therefore the spacing of the rotational 
levels differs markedly in the two electronic states. It is usually, 
though not always, smaller iu the Lipj>cr electronic level, corresponding 
to a larger moment of inertia, because a higher olcctronio state usually 
has weaker binding between the two atoms, and hence a larger iiiter- 
ikuclear distance. 

An expression for the P, <3, and R branches of an electronic- 
vibrational band analogous to Eq. (11.8) can be derived from the 
above selection rules and Eq. (11.3) applied to the t>vo electronic- 
vibrational levels : 

- <rei-vlb=fc {R' ^ H- {R' - (11 ‘t» 

This expression gives the wave luimhers in eni“‘ of the rotational lines 
in the P branch if the first minus sign and the sccoml plus sign are 
taken. The Q-braiieh formula results if the first ]>liis sign ami the 
second minus arc used, whereas I he R brunch is given by the first and 
second plus signs. J takes the values 1, 2, 3, . . . , but as before 
(§ 11,0) the significance of J differs for each branch. • In the P branch 
the J value is that in the lower electronic level; in the R branch it is 
that in the upper electronic level; and in the Q branch the two are 
of course the same, since AJ^ — t), The reason for starting J at one 
instead of zero for the Q branch lies in the coupling between rotation 
and electronic angular inoinuntum which is always present in mole- 
cules giving rise to per]}endiciilar hamls It will be iiotG<l that 
Jiq. (ll.O) reduces to the ronn of Eq. (ll.H) when IV — IV\ that is, 
when the moments of inertia arc the same in l>oth upper and lower 
sla tes , 

The ])rosencc of the term in Eq. (11.9) has the result that, for 
high enough J values, all three hranelies lie on the same side of 
®'oi-viii. Since IV is usually smaller tluin /?" (that is, > It,''), tliis 
side is the low-frequoiiey sale. The lines of Iiighest J are always very 
weak, wliieli means that the three branches ordinarily Fade out 
towards the reil cm I of the spccLrmn Fnjni o-h-vh,. Buell bam Is are 
said to degrade towartl Lho red. On llic violet side of o'l.i-vii* I Iumv is 
a fi*ociueiicy of max ini uni value that oeciirs in the R bmticli sliorVly 
before the J' lenii overtakes the J lerin of opposite sign. This 
maxi mu in fretpieiicy, which depends on Lho Tiiagnitu<Le of the diffar- 
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cuae between find is cfillcd the hcddr iind is cIon.T’ly to He 

(listinguisUccI from croi_,it,, which is called the baud origin, lifXpDri- 
mcii tally |. the Hand head is more prominent and can be mcnsiircil 
directly. The band origin, on the other hand, lins to be determined 

by analysis of the rotational branches. 

The foregoing discussion is illustrated in Fig. 11. which shows 
the structure of two bands degraded toward the red. When 7? 5s 

(a) PARALLEL BAND (NO Q- BRANCH) 

R-branch 78910 It I2 I3 I4 IS 16 il 18 -^ R- branch 


I I I k I I I I I I I < 



R-brar>ch 6|S43 2 I | i 2 3 4 s 6 branch 

Band-Head Band Origin ((Tei-vib ) 
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(b) PERPENDICULAR BAND (THREE BRANCHES) 

P-branch L,, Low J'a J^_High J's 

I I 

Q - branch! Lx»w J’s High J's 

llllllllllllllllillllllllllll 

I I 

R -branch L~ Low Js — High J"s 

Head origin 

X 1- 

Fig. 11.9. The rotational fine structure of diatomic bands. 


larger than. Z?", the above discLis.sion needs to he changed by rephicing 
“low-frequency” by “high-frequency,” “red” by “vitild.” and 


versa, “maximum^* 


by 


“miiiiTniim,” 


and “/i branch” hv hi'iillcli. '^ 


The several members of the P, Q, niid li bi‘iiiu?!ies vary in iiilciisily 
in much the same way as they do in vihratioii-rolal ion baiuls (h'ig. 
11.7), the most intense lines correspoiiding to Llio.se originuliiig ri’tiiii 
the most highly populated rotationnl levels. Since llic ])o|>ijliili«iii 
factor is given by an expression of the form of Kti. (lO.siO), in wliicli 


all qiianlities except the temperature T ai‘e either known or oblniriiiHle 
from the spectrum, a measurement of intensity tlisLrihul ion anioug 
the various branches can be used to determine T, In Ihi.s way tiw- 
effective teniporaturea of molecules in flames and electrical disf'liargrs, 
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wliLcli might be difficult to measure by other means, can be deter- 
mined 'with reasonable accuracy. 

The rotational fine structure can be made to yield information 
about the moments of inertia of the molecule in the. upper and lower 
electronic states, and hence, if the identity of the molecule is known, 
about the internuclear distances in the two states. There are two 
ways in which this information can be obtained, to both of which an 
assignment of the various rotational lines to thcii' initial and final 
levels is prerequisite. Once this assignment has been accompUshed, 
the first method proceeds by working out an empirical quadratic 
formula relating the observed fi’cqueucics of various lines to their 
J numbers. The cocffieicnt of the J term is numerically equal to 
-O' 4- 2?", and the coefficient of the i/®-term is equal to O' — O", in 
accordance with Eq. (11.9) for tlie P and R branches. l-Icncc O' 
and O" can be evaluated from these coefficients. 

The other and more commonly followed procedure consists of 
finding the energy difference between the iiulividunl rotational levels 
by taking the clifTerence between appropriate lines in the band. For 
example, the difference between the eighth and ninth rotational levels 
in the ground state is the difference between the Q-b ranch transition 
— 0 — ^ J" = 0 an<J Llic O-brancli transition = 9 — > J” — 8. 
From such energy diftcrencos the constants O' and .O" can be ob- 
tained, along with additional information such as the effect of 
centrifugal force on the internuclear distance. 

Th c foregoing discussion applies to diatomic molecules in the 
vapor ])hasc. As soon as most molecules are condensed to liquids 
or solhls, the ]irevioiisly mentioned coin plications ensue. The rota- 
tional energy levels are “sinearecl out** by the collisions and by the 
strong electric fields of closely packed molecules. Accordingly, dia- 
tomic speetra are sludiccl almost exclusively in the vapor slate. For 
a com[>re1icnsive discussion of the manifold details of diatomic 
spectra, the rentier is referred to General ReFereiice 11.2. 

11.10. Electronic Spectra of Polyatomic Molecules, lb can 

readily he seen from the foregoing sinifjlified account of the main 
features of the electronic spectra of diatomic molecules that even 
the HLinplest i)oly atomic molecule sliould lias'c a still richer electronic 
spoctriim. The electronic energy levels can he much itiol*c com- 
plicated (especially in molecules with conjugated double bonds), 
there arc 3iV — 0 vibrational degrees of freedom, iiiicl there are three 
momeiit.s of inertia, usually all different. It is not surprising, then. 



290 MOLECULAR SPECTRA AND STRUCTURE [§11.11 

thAt few polyatomic spectra have been thoroughly analyzed. There 
is much active work in this field, however, and extensive expcriraeii tnl 

as well ns theoretical progress is being made. 

There is, to be sure, a vast literature (see Chapter 14) of visible 
and ultraviolet absorption spectra of polyatomic molecules of nil 
kinds, jVXost of this material, however, was obtained on molecules 
dissolved in some relatively transparent solvent, and by means of 
spectrographs of low resolving power. In consequence, even the 
coarsest features of the spectra arc usually “washed out,*’ and only 
rather broad generalizations, of the .sort incorporatctl in Table 11,8, 
have been i>os8ible from the data. It seems pvobitble that this state 
of affairs will improve markedly by progress along these lines: 

1. Investigation of more and more molecules iii the vai>or state, 
at low pressures but with long optical paths, with spectrographs of 
high dispersion. 

Study of spectra over wide temperature ranges, and especially 
at very low temperatures. 

3. Extension of the study of spectra to shorter wavelengths, 

4. Improvement of means of excitation of polyatomic spectra, so 
that emission spectra as well as absorption ami lUiorcsceiice spectra 
can be used in the study of the upper electronic levels. 

It was indicated in § 11.3 that it is difficult to assign riiiaiituiii 
numbers to individual electrons in most polyatomic inolecnlc.s» aiul 
that instead the over-all distribution, of the electrons with respect 
to the various atomic nuclei is described by a term symbol. Tlie.se 
term symbols carry the multiplicity (2jS -|- I) iis a superscript, jiisL 
as in atomic and diatomic term symbols, but the reniaiiicler of the 
symbol indicates simply the geometry of the over-all electron dis- 
tribution in the molecule. The usefulness of such symbols lies in 
the Fact that selection rules can be expressed in term-s of them, ami. 
in turn, observed spectra can be intcriiretetl with the help of the 
selection rides to give the symbols for the various observe* 1 stato,s, 
A complete discussion of these symbols and the associated selection 
rules can be found in General Reference 11.0. The only one of these 

rides w’c will mention is the one already given for atoms aiitl cliaboiuic 
molecules : AS = 0, 

11.11. Vibrational Structure of Electronic Spectra In Polyatomic 
Molecules. The vibrational selection rules in ]}olyatomic olecLmiiic 
spectra are based on an extension of the Pranck-Oomloii principle. 
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To a first approximation the result of this extension is the rule that 
tfie OTily vibratio7i9 for which Av differs froin zero are the totally s2/m?iielri- 
cal vibrations [eom]>aro §§ 11.2 and 11,5 and vibrations marked (1) 
in. Fig. 11.3]. For these vibrations the most likely values of Ai; are 
determined, os for diatomic molecules, !>y the relative interatomic 
distances in the upper and lower electronic states. This rule is of 
first importance for the interpretation of the spectra of highly sym- 
metrical molecules, in which the number of totally symmetrical 
vibrations is small, because it swcepingly simplifies the vibrational 
pattern in the spectrum. 

In the benzene molocide, for example, there avc SO vibrational de- 
grees of freedom, with 20 distinct frequencies. Only two of these arc 
totally symmetrical, one of which is a pulsation or “ breath ing'* of the 
ring and the other a vibration of the hydrogens. In the first excited 
electronic state of benzene, the ring size is slightly larger than in the 
ground state, hut the carbon-hydrogen distance is practically the 
same. As a result, tlic most probable Av’s for the totally symmetrical 
ring vibration arc 2 and 3, whereas Ai> = 0, 1 and '1, 5, 6, . . . arc less 
probable but still permitted. The Au for the hydrogen vibration, on 
the other hand, i.s zero. In con.scquencc, the most pTominent fcatiLrc 
of the absorption sjicctruni of benzene is a simple progression of evenly 
spaced Imnds that rc.somblcs roughly a progression of diatomic baiuls 
because only one vibration is involved. The ultraviolet absorption 
spectrum of benzene in solitHott is given in Fig. 11.10a, along with the 
more complicated vapor .spcc:truin of Fig. 11.10b. The a)>sorptioii 
spectrum of imr manga iiatc ion in aqueous solution is also shown in 
Fig. 11.10c. Presumably, this ion lia.s only one totally symmetrical 
vibration, and therefore its electronic! ahsorption shows a simplified 
vibralioual structure l>ecaiise of the action of the Franck-Coiidoii 
principle. 

It is aiiparcut from the foregoing that the more complete onr 
knowledge of the vibrational energy levels of n polyatomic? molecule, 
the l>eLter our chance of making a satLsPactoTy interpi'ctation of the 
vibrational fine structure of it.s electronic spcctnim. For thus reason 
the results of infrared and llatnati spccti’a are frcciuciitly an indispen- 
sable adjunct to the understanding of the data obtiunccl in the visible 
and ultraviolet regions. 

11.12. Rotational Fine Structure in Electronic Spectra. The rota- 
tional fine .structure of polyatomu! electronic bands provides less 
information, genei'ully speaking, than does that of diatomic bands. 
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because of tlie much larger momenta of Inertia, the usually smaller 
fractional difference between the moments In one electronic state niul 
another^ and. the complex patterns associated with the band atruc- 
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Fig. 11.10. Vibrational fine structure of otcclronic spectra iu polyalomic 
mo-leculeS. (n) The absorpLioii spcelrum of bcri/ciie in <'yc*1<i]u*xiiiio Hiiliilion in 
the ssnoo A region. (I>) The nbsorplinn .sport.ruin uf Ixmiv^cmic viipur in Itie dIKHi A 
regiuiu (c) 'I'hc nb.sorption spcuLrtnn of iXTiiiuiigiirintr idji iti Die ^r«H'n rrichtn 
Llie visible spectnini. 


Lures for symmetrical and asymineLriuiil Lops. Tlicse cliiLriulerbiLiv^ 
render the resolution of the rotational rmo struct iirc’! c'X4t*<'4lui^ly 
diflieult foi- any but the smallest and ligliLest molecules. NaltirEilly, 
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even for sucli molecules it is neaessary to study tlie spectra m the 
vapor state and to keep the f>rcssiii'c.s its low ns possible. Some 
progress has been made m the analysis of rotational fine structure in 
the ultraviolet si>ectra of carbon disulfide (linear rotator), forinaldc- 
liydc (quosi-syinmctrical to]>), and nitrogen dioxide and sulfur 
dioxide (asymmetrical top.s). 

The selection rules for the rotational fine structure are similar to 
those for the infrared, but several new features enter that make the 
transition possibilities more diverse. As for diatomic molecules, the 
moments of Inertia may differ in the upper and lower electronic states^ 
leading to fine-.strii<:tiire expression.s like Eq, (11.9). In. addition, 
however, all polyatomic rotators except nsymmetrical tops have 
degenerate vibrations, such as (SI) and (4) of Eig. ll.Sb, wliit:h can 
give rise to vibrational angular innmcntuni. This angular momentum 
can couple with the angular moment urn of rotation iu various ways, 
and it increases the complexity both of the energy level scheme and 
of the transitions between levels, "fhe possibility also exists that 
the actual geometrical structure of the molecule may be different in 
two electronic states; for instance, it may he a symmetrical top in 
the ground state and an asymmetrical top in an upper state. 

From the iircccding statements it can be seen that for both the- 
oretical and experimental reasons the rotational sti'iicturc will bo 
difBc'ult to observe and to aualyKe. For further details, the reader 
is referred to General HcFcrcncc 11. Q. 

11 . 13 . The Effects of External Influences on Molecular Spectra. 

The external variables that affect molecular spectra are much the 
same iiAi those which affect atomic spectra (§ 10.7), but their relative 
imiJor Lance is quite tliffei'cnt. One reason ia the difference in nicthod.s 
of excitation of atomic and of molecular spctrLni. The latter arc 
atiKlied more frequently in tibsorpLiou than in emission, and arc not 
often excited by arc and spark discharges. The high-voltage, higli- 
frcciuency discharge, with or without clecLrodcs in direct contacL with 
the vapor being studied, is used for excitation of emission spectra, 
e.s]^ecially for small molecules. 

FUioi’esccnce is of importance in the analysis of many molecular 
spectra. It is studied with a tccliniquo not greatly different From 
that used For the llixinan effect (see C’linpter 18). 'The <‘hieF re([uirc- 
ment is an intense source oF shar])ly inoiiochronnitlc radiation of n 
wavelength that corresponds to the energy tlilTcrcncc bet ween twe 
electronic levels whose band systems arc under invcsLigablon. The 
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correspondence need not be exact so long as tlie minimiLin energy 
required is available* and it is usually better to have the exciting 
radiation correspond to a combined electronic-vibrational transition 
for which the transition probability is high. The s])ectriiin obtained 
ill fluorescence depends not only on the exciting wavelength but 
also on temperature and pi’essure, os indicated below. One liuiiln- 
tion of fluorescence spectra (shared also by absoryition speertra) exists 
because of tlie selection rule AjS *= 0. Since most molecules arc in 
the gi'ound state before excitation of fluorcsceiiec and .siii<‘e tliis state 
is usually a singlet, in general only singlet levels in the upper state can 
be studied by this means. 

Tertiperaf.iiro. The effect of temperature on molecular spectra is 
of great importance. As we have already seen, the di.sbribiitkon of 
intensity among the rotational lines is .strongly tcmpcraturc-clc pend- 
ent. The same statement can be made for vibrational bancLs in 
electronic spectra. In ultraviolet absor])bioti spectra, a temiiern tiire 
effect is noticed for both totally symmetrical and non totally .syin- 
inetricnl vibration.s. The intensities of the former change as r** 
changes (see Fig. 11.5), because, for example, a totally syininetriciil 
baud for which w" = 1 — > i>' — 6 will grow in intensity if the nninhcr of 
molecules in the level 1 increases. Nontotally symnicli'ical 

bauds, for which ^ O, will be affected similarly. The t:liangc in 
the appearance of the spectrum is even more striking here lux-iiusc 
of the fact tliat in general and for a given vibration arc dif- 
ferent, and therefore the bands due to transitions v** =* 0 — * = 0, 

r" — 1 — » V* — la u” ^ 2 — > v' = 2, and so on, otHmr at dilfcrcMil 
places in the spectrum. The fine structure in between the tall iieaks 
of the benzene vapor spectrum (Fig. 11.101>) is largely associated with 
different values for nontotally symmetrical vibrations arnl shows a 
strong temperature variation in intcnsit 3 \ 

Conversely, the quantitative variation of intensity with teiii])ern- 
ture can fi'equently be the meaii.s for confirmation or rejcf'tioii of llu* 
analysis of a band system. If an interpretation of the sped ruin 
a.sserts that a given band or progression of hands arises fro in a 
vibration in the ground state ^vith r" — 2 For a fro<|iieii<‘y of the 
assertion can be checked by comparison of the observed cffecl. of 
tcmpemtui'c on band intensity with that calculated from Kep (10.20), 
Moreover, it can be seen that the absorption spectrum will be ct>ii- 
siderably simplified if it is obtained from molecules with T near ()°K, 
beeniise then all vibration.^ in the ground state have v** = 0, aiul 
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only totally symmetrical vibrations can give rise to tTahsitions to 
upper vibrational levels with v* dllFcreiit From zero.* 

P renmire. The effects of pressure on molecular apectra are also 
somewhat more complex than those on atomic spectra (see § 10.7). 
Xhe broadening of atomic lines by collisiuiis, which of course increase 
in iiumlier with increase in pressure, has a molecular analogue. 
Atoms, however, can only exchange electronic and trau.slutional 
energy \ipon collision, whereas molecules in addition trade vibrational 
and rotational energies. It has been Found, moreover, that it takes 
very many collisions (of the order of Iff’ or more for each molecule) 
to establish a new balance among the various degrees of Freedom once 
the old balance has been upset in some way. Hence the s^jcctriim 
emitted by an assembly of molecules whose equilibrium has been 
disturbed during excitation will depend on the extent to which 
equilibrium has been restoretl jirior to the emission of radiation, 

111 the fluorescence of vapors, for example, the cquiUbriiim among 
molecules may l.c upset by the cxcLtiiiir rncliatiou, because the mole- 
culcs are transferred to an upper state in which the molecules liave 
higher vibrational energy than their temperature warrants. If this 
extra vibrational energy can be given up to other degrees of freedom 
(vibrational as well as rotational and translational) before the iiiole- 
eiile radiates (a time lag of about 10~® sec exists lie tween excitation 
and rcrudiabion), the emitted spectrum will correspond roughly to one 
ill which all the values arc zero or at most very sniall. This situa- 
tion obtains when the molecules are under relatively high pressure 
(say 1 to 10 atinospliercH at room teniperatnro), so that the requisite 
number of collisit)nH can take place in 10“** sett. If the pre.ssurc is low 
(say 10'** atmosphere at room temperature), an insidliclen t number of 
collisions occurs before rcradiatinn,t and the resulting spectrum 
contains bands for which the v* values are high {values given by the 
Fmiick-Coiidoii ]irinciplc for traiisibioiis From the vibrationlcss ground 
state) as well as low (in those inolcciilcs which have made suiricieiit 


collisions). The general result is that “high-pressure” fluorescence 
sjicctra arc somewhat simpler, iuvtdving i^riniiirily the iipi^er vihra- 
tioual state in which all v* values are eciual to zero, and show vibra- 


tional sj>iu:ingK corresponding to different v** values. bow-pix>ssui"tj 


* To u more rofincfl upproximaiion, viliriiLloii.H tliiil nn^ not l.oliilb' syiiiiiirLricii] cun 
iirtvc Ar = 2 us w«U ii.s Ar = (t l)iiL Lliew IniiisilioiiM arc cxtrcinoly weak. 

t If tile lifclimc of tlic oxciilctl slate is loiijrcr lliim 10"'' see for sotuc nsimiti. the 
pTcssnre values in list he rt'.viscil flowiiwurd- 
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Kii-is 

fluorescence (sometimes called resonance fliiorescence) may moi'C 
complex, since it involves both upper state and ground state vibitt- 
tioiis. 

Because the probabilities for allowed transitions between various 
levels in the same molecule may vary over a wide range, it is always 
valuable in the study of absorption S]>ectrn, both infrared and iiltrn- 
violet, to vary the number of molecules in the absorbing ])ath ns 
much as possible. There is no difficulty in making this number 
indefinitely small, but frequently vapor pressure furnishes an upper 
limit. Even when no limit is set by vapor pressure, increase in the 
number of molecules per unit volume by increasing pressure is not 
always desirable because of collision broadening. A solution to this 
problem can sometimes be made by simple increase in the path 
length of the radiation tlirough the vapor. On occasion, to be sure, 
the broadening i^roduccd by pressure may be useful, as for example 
when one wishes to measure directly the integrated intensity of nu 
entire baud,^ or even band system, without resorting to the difllciilt 
and usually inaccurate procedure of measuring the intensity of each 
resolvable line and summing. 

Electric and Magnetic Fields. The effecLs of electric and magnetic 
fields are relatively uiiinriportant in molecular spectra. The Stark 
effect is extremely small and cannot be observed in molecules with the 
usual spectrographic techniques. In the microwave region, however, 
the Stark effect on the pure rotational spectrum (§1 1.4) is I'eadily 
observable and is frequently of use in the detection of weak lines, in 
the assignment of rotational quantum iiiiiiibers, and in the nieasiirc- 
raent of permanent electric dipole moments. The Zcemaii cfVec^L is 
usually small or missing altogether. Singlet electronic levels pre- 
dominate in molecules, and there is no need for the Zee man effect ns 
a means of series identification. Magnetic potation s]iec:tni are s<5mc- 
times useful in the analysis of diatomic spectra.^ It also aispears 
likely that the Zeeman effect on nuclear spins will be of value in tlio 
determination of such spins by means of inoleeular mic:rowave sjioeiLi'ii. 

Condensed Phases. One Influence of first importance is that of the 
state of aggregation. It has been indicated .several times in the fore- 
going discussion that change from the vapor to a condensed state — 
liquid, solid, or solution — results in considerable change both in the 

• K* B. Wilson, Jr., nnd A. J. Wells, Jour. Ckem. Pftffa., 14, fi78 (1040). 

^ i^cc Gouejal Rercrence 11 .8, pngc 720. 
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energy-level scheme and in the selection rules. The rotational levels 
are most drastically affected, since the close approach of neighboring 
inolccules in condensed phases hinders or halts entirely molcciilnr 
rotation. The vibrational levels are usually a fleeted only sliglitly, 
but in certain vibrations — mainly those involving the binding of 
hydrogen to strongly negative atoms like fluorine, oxygen and 
nitrogen — ^the difference in frequency between gas and liquid phases 
may be as much as 10 per cent. The effect on vibrational selection 
rules is more pronounced. Since the rules arc based on molecular 
symmetry and since the random intcrmolecular forces can never 
increase the symmetry and usually destroy it* it may be expected 
that the rules arc . invalidated to a greater or lesser extent. This 
expectation is realized for infrared vibrational spectra (§ 11,5) but 
very slightly for Itaman spectra. It is dillicult to generalize concern- 
ing the effect on vibrational selection rules in electronic S'{>cctra. 
Certainly in many instances the rules do not seem to be drastically 
altered. 

The question of the effect of the condensed phases on electronic 
levels is a serious one because of the immense amount of ultraviolet 
and visible spectroscopic data obtained on inolccules in solution. The 
extent of the effect on the levels themselves of conision.s and electric 
Reids due to near neighbors must Iks clearly dill'crentiatcd from solvent 
effects that actually alter the structure or composition of the mole- 
cule and arc not properly considered os **condcnHatloii” effects at all. 
True condensation effects seem to vary considerably with the nature 
of the inolceide anil its solvent bub not so drastically as to prevent 
idcnLificiition of levels in the vapor pluusc with those in the llc[nid. 
Hydrocarbon molctailcs dissolved in hydrocarbon solvents show the 
least effticb on energy levels, selection rules, and transition probabil- 
ities, whereas polar molecules dissolved in water or other higlily 
polar solvents sliow the largest. On the other hand, a familiar hut 
striking example of ttiruciured alteration of inoleiailcs in solution is 
provided by chemical indicators, whose color (related to Uie electronic 
energy scheme) cliiuigcs drasticiLlly with change in concentration of 
hydrogen ion or other chemical substance. Tlie subject of sol vent 
effects on absorption spectra docs not lend itself to sweeping general- 
izatloii, however, and it is impossible to summarize briefly and justly 
the results of the large ainount of investigation in this field. 

11.14. Summary of Molecular Spectra. In order to siiiniiiarize 
the results of the foregoing sections, the energy levels and transitions 
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CHAPTER 12 


The Measurement of Spectral Intensities 


Four PRiNcirAtj mbajjs are available for the determination of 
intensities in spectra: 

1. The radiation may be absorbed on the blackened surface of a 
radiometric device, which uses the heating effect of the radiant 
energy to obtain an electrical or other readily measured signal. 

ft. The radiation, may actuate a plio toe lec trie device of some sort. 
In such a device the electrical signal is produced by the direct conver- 
sioa of the energy in the radiation rather than through its heating 
effect, 

3. The radiation may be permitted to fall on a photographic enuil- 
sioii tor a controlled period of time. The density of the silver deposit 
produced in the emulsion on development can be made a measure 
of the total radiation. 

4- The radiation can be determined by the human eye. So severe 
are the limitations of the eye as a Ugh t-measu ring devic;e, liowcvcr, 
that it is useful only for special types of photometry, some of which 
will be di3cii.S5ed in Chapter 14. 

These Four methods are compared in Table Ift.l, The signififancc 

of the columns in the table is as follows: Warfelcnylh means the 

spectral region over which the method can be used. 

(sometimes called responsivily) is the slope of the curve relating the 

response of the receiving device in each inetliod to the radiant cnergj' 

required to produce that response, whereas linearity refops to Llic 

closeness with which such a curve approaches a straight line. For 

many receivers this curve for radiation of one wavclengtli will differ 

from that for another wavelength. If the differences ai’c negligibly 

small, the receiver has high neiUraliiy: that is, it responds as well to 

one wavelength as to another. The cumulative properly and the 

300 



THR MEASUREMENT OF SPECTllAL INTENSITIES 


301 


patioramic •property arc posscBscd to a significant extent only by the 
photographic emulsion. The former is the ability of the emulsion to 
respond to light of exceedingly low intensity by prolongation of the 
time of exposure. The panoramdo property means that the photo- 
graphic emulsion can simultaneously register dififerent beams of radia- 
tion on different parts of the plate or film. 


'I'AlJLlO ia.i 

PUOPKUTEKH iiV VaUIOUH MKTIEODB 

FOEt TIII3 MiSASUIIKMEN*!:' OF SpECTKAfi iNTEKfaiTlCS 


Method 

'SYiivclength 

rnntso 

1 

Sciisilivily 

1 

l^incnrily 

1 

End tome Iric 
I^lioLooIcctric 

l^liuUigrnphic 

Visual 

All 'Wiivclcnjj'tlis 

i«-ao,ooo A 
10-12,000 A ' 

4000-7500 A 

1 

^ ligh 

Iligli 

11 igh 

KxccllctiL 

( loud 

Poor 

Very puur 

McDiaci 

1 

NcutnillLy 

('iiinii)iiLivc 

pttipcrty 

Pnnoniiiiic 

1 property 

EiicUciinrtric 

l^]iot()c1ec:Lric 

l*lioLogrui)hic 

Visiini 

1 

JCxcclIciit 

Poor 

Poor 

Poor 

None 
!•' uir 

CjikkI 

None 

Nunc 

None 

Excel IcuL 
LfinilLed 

1 


It is apparent from a glancjc at Table IS. I that no single method of 
radiation nieasiircnient is superior to the others. '^PLic most suitable 
one for a given jiurposc depends on the details of the specti*oscoj)ie 
procedure, the .speed with which results must he obtained, and other 
factors. In this and the following chapter, the various methods are 
dcseribecl, aud the circumstances bo which ctieli is best s Lilted arc 
discussed. 


RADIOMETRY 

A radiomeler is any dcvicre for the detection and mcnaurcnicnt of 
radiant energy by means of its heating effect. Since the hen ting 
effect is strictly i)roportiomil to the a mount of the radiant energy 
which docs the heating, accurate measurement of the iicating gives 
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an accurate indication of the incident radiant energy if none is 
allowed to go astray by reflection or otherwise. Therefore the 
radiometric method is usable for the measurement of radiation of any 
wavelength that can be effectively absorbed. Absorbing surfaces can 
be made that are more or less uniformly black to rndiation from Ihc 
vacuum ultraviolet through the far infrared, and in consequence Ihc 
radiometric method can be used throughout the entire optical range. 
At wavelengths below 1 /x, however, the sensitivity of radioinctric 
devices is markedly inferior to that of )>hotoclccti*lc and photographic 
detectors. !Etndiomctric methods arc therefore seldom used in this 
part of the spectrum except for calibration i3urj>oses or other circinn- 
stances under which linearity and spectral neutrality of response ate 
essential . 

On the other hand, only radiometric devices can he used at wave- 
lengths longer than about 3 g because no otiicr kind of detector is sensi- 
tive in this region. This statement means that all infriircd spccLronic- 
ters except those operating in the ] 3 hotoclcc;bric; infrared use therniai 
detectors. Hecause of the importance of thermal dcbcetura for this 
purpose, they will be considered in some detail, along with I he 
auxiliary equipment needed for amplifl cation and recording of Ihe 
detected radiation. 

Of the many physical properties of substanc'cs that are depciidctiL 
on temperature, the change of electrical resislance with lenipeniliirc 
and the thermoelectric effect lend bliemsclvoK most readily to the 
detection of minute temperature changes. Devic'i^s which iisc 
these effects are known, respcctivelj^, as boiotnelcfs and Ikenmiantplcu. 

12.1. Bolometers. The bolomcLor is a device, usually in I lie form 
of a short, narrow strip, for the deteebion of racHalion by Ihe change of 
clccLTif;al resistance that nccoin])anies the Lcinperalure rise prcHlui'cd 
in the device by radiation. Since the temperature rise produced by 
a given amount of radiant energy will he greater ns Ihe heat loss and 
s|x^c]fic heat of the bolometer arc smaller, it is clesiriible to keep Ike 
mass of the bolometer to a miniinnm. Tn a small htiloineler llie rule 
of the toini>nraturc rise will also be fasttvr than in ii hirge oiio, wIilcU 
may be useful if a greater speed of response is desired, For a given 
LeiiiperaLure rise, the change in electrical resistance will (le]>(*iHl on Ihe 
Leiiipcraturc coefficient of rcsistan(?e, wliit^li suggests Ihe use tif nuilr- 
rials with high teinpcratiirc coeffleicuLs. 

'J'hc bolometer is ordinarily used in some modi fi cat ion of I lie 
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lieatstone bridge circuit, in which one of the other arms of the bridge 
another bolometer strip, lladiation to l>e measured does not strihe 
is latter strip, whicli otherwise is subjetrt to the same environmental 
flucnces, including bridge current, ns those operating on the active 
pL]). The constant bridge ciin*ent flowing tii rough the two strips is 
lied the heatinff current becunac it results in a bolometer tempera LLn*e 
at may be 50®C nljovc the ambient tempera Lure. The unbalance 
the bridge caused by radiation produces a voltage linearly pro]>or- 
nnal to the radiation and also projiortional to the lieabiiig ciirrcnt. 
he optimum incaRiiroment of this voltage demands a careful match - 
g of tlic electrical characteristics of blic bridge circuit to those of the 
upLifying and recording system, which adds another factor to be 
nisidercd in the choice of bolometer material and design. 

Because of the number and variety of the factors involved, no 
ugle bolometer design has a clear-cut superiority over all others, 
his situation is reflected in the number of different materials and 
esigiis that have been used successfully and in the lively contTOverslcs 
ver blicir respective merits. 

L2, 2 . Metal Bolometers. IVIctal strips can be produced and ha n died 

diicli are os thin ns 0.1 g. It is hardly convenient to make them 
mailer than a few millimeters in length, however, and since in tlic 
icosurcineiit of spectral intensity their length and width are related 
0 the si/G of the exit slit of the sixictrometcr, metal bolometers usually 
nve dimensions of the order of O./i cm X 0,5 nun X 1 ^i. In this 
ize their elc<!trical resistance will be a few ohms for such metals as 
lickel and pUibinum. 

In operation the strip may be simpendcd from wire leads or sup- 
ported oil HOine kind of nonconducting backing. In the latter case 
he thermal contact between the strip and its support will be exteuHive 
ind the toinperatnre rise of the strip when c.xposccl to radiation will 
>e smaller because of heat transfer to the mounting. This heat 
:ranHrer will iiim*asc the minimum amount of detectable rmliation 
out yyiW speed up the rate at wiiicli cejui librium temperatures are 
reached, a result that may be desirable. If the strip is mounted in a 
gas- filled container, it will also lose heat by gaseous condiurtion. 
Evitcuutioii of the container increases the tcinpeiraLiiro rise prodiK'cd 
by a given amount of radiation, hut the time recjuired to reach 
tcinperatnrc ecpii librium will be simultaneously iiic reused. 

Whether the advantage of iiicrcnscd sensitivity oblnined by vacuum 
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operation is offset by the increased time of response depends ou tbe 
amplifying and recording system. In general, evacuation of the 
bolometer housing is desirable. However, the strip can be operated 
with higher bridge currents when gas conduction is available to re- 
move the electrical beating. Eor this reason metal bolometers have 
been operated on occasion under a few millimeters prc.sstirc of 
hydrogen gas. 

Most metals are good reflectors in the infrared, and therefore nictn! 
bolometers must be blackened by evaporated metallic blacks to 
absorb tbe radiation.^ The amoLint of blackening is rather criticab 
since too much of it will both impede the flow of heat from tbe black, 
to the atrip and increase the heat capacity of the bolometer. 

At room temperature, the temperature coefficienLs of resistance of 
metals used as bolometers are about 0.3 to 0.5 i>er cent per degree 
centigrade. By way of illustration of the orders of magnitude in- 
volved, the following flares are given for a nickel bolometer of about 
SO ohms resistance. In a certain electrical setup, a minimum clinngc 
in resistance of about ohm can be detected, corresponding to a 
temperature rise of the order of The amount of rndiaiit 

power required to produce this temperature rise depends on Lbc 
structure of the bolometer and, for a given bolometer, on the way in 
which the radiant power is supplied. If no heat were lost by itiiy 
mechanism, however, such a temperature rise would be ppocUiced by 
an aiuoimt of radiant energy equal to the specific heat of the bolom- 
eter material (nickel) times its mass. For a bolometer of 10“® granii 
the product will be 4 ergs per degree or 4 X 10“® erg for If 

radiant power is supplied to the bolometer at the rate of 1 microwatt, 
none of which is lost by reradiation and other processe.s, 4 X 10'“® 3*cc 
would be a sufficient time to raise the temperature 1.0^®**C; 0.04 see 
would be required if the power is 10*'’' gw. This latter figure Ls 
somewliat smaller than the minimum detectable power i’cali«ctl in 
practice with metal bolometers used in infrared spectrometers. 

Details of the construction and use of metal boloniotci's will Ixs 
found in many articles alid books (see Genera! Refei'cnce 12.5). 

12.3. Semiconductor Bolometers. The large (negative) tempera- 
ture coefficient of semiconductors (for example, — 15 per cent per 
for cuprous oxide, as compared with +0.3 jjer cent for nickel) iiiakc.^i 


‘ A. TL. Pfimcl, Ret>. Sci. laat., 1, 307 (1030); Jour. Opt. Soc. Am., 23, 270, 373 (11)33)- 
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them potcnllally valuable as bolometer materials, but iiutil recently 

practical difHcuUics such as their very high resistance prevented 

tlioir use. lleeker®' ® and coworkers have described briefly a 

“thermistor** type of scmicoii due tor suitable for use as a bolometer 

material in infrared spectrometers. The tcTapcraturc coeHiclcnt of 

the thermistor material is about — 5 per cent |>cr *C, and the resist- 

auce of a strip 3 X 0.2 X 0.01 mm is some 4 megohms. According 

to the references cited, such a bolometer, mounted in thermal contact 

\vith a quartz boc^king, will respond with a temperature rise of 

® X 10“® ®C when irradiated at the rate of 2 X 10~® watt for 3 

■ 

milliseconds. This rise corresponds to a resistance change of about 
O.S ohm and, under operation in a particular Wheatstone bridge 
clrcLiit that inehides a 400-volt drojj across the bolometer, results 
in a bridge outx>iit of 3 X 10^“ volt. 

One shortcoming of the thermistor bolometer is its appreciable 
transmission of radiation in the neighborhood of 0 jx. This is not 
too serious a matter, ho\rever, and can be minimized by coating the 
bolometer with blackening or with some other maLcrial that absorbs 
uniformly in the 0 g region. 


12.4. A Superconductor Bolometer. The tremendous resistance 
change associated with the transition from the normal to the super- 
conducting state of certain metals uiid scmicondiicLors at very low 
tciniMsratiires suggests the possibility of ii su]:icrc:ondiictor 1 solo meter, 


This possibility has hccii realized by Andrews and cowcjrkcrs,^ who 
utilized the seinicondnctor columbium nitride, Found by Tlorii® to 
bcfroine su]>ercouducting at about — The teinpcrEitiire co- 
cflicriciit of this substance in the transition range is as much as 
5UU0 per cent i>cr **C. It is evident that the dtfHcultics of I loloiueter 
operaticni at these very low teniperatiires arc (.;ousi durable, but ercr- 
taiiily the utility of the supercjoiuluelor boloineler for .spec trotne trie 
piir]H)ses deserves study. 

12.5. Thermocouples and Thermopiles. The therm ocleelrie ef- 
fect, in which two siinihir bimetal lie junctions kept at two different 
teinpcrutures generate an elcctroniotivo foi’cre, may be used to delect 


* J. A. ileclc(*r and H. It. MtMirii, Jour. .Sm-. .'liii., 36, tiTi-l (II) Mi), 

^ ^V. A. Itrntiuiii a ml J. A. ilcckiM*. ,four. OjJ. Sop.. 36, (lO-tO). 

** U. II. .'ViKlrtiW-s, It. M. MiIUmi, and W. PcSorlxi, Joiir. Ojit. Son. A m., 36, .'>18 ( ID-IC) , 
See I*'. II. lltim, \Y. K. Briick-Huli, Jr., W. iiiicl II. II. Audrows, 

Wf'iv. 61, 7;iS (lOl-ii). 
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radiant energy by the temperature rise the radiation produceJi in one 
junction* If the two junctions are constructed ns nearly alike as 
possible and are subjected in use to the same conditions, the tciu|>cra- 
ture difference between, the two jimctions can be restricted essentially 
to that produced by the irradiation of one junction. The jiincliou 
receiving the radiation is known ns the acHvfi junction and tlic olhor 
as tlie compensating junolioiu and the tliermocouj^lc is said to Iks 
compenscUed, 

The voltage developed by a small temperature difference between 
a pair of junctions depends linearly on this difference and on the 
thermoelectric powers of the two metnls. A given quantity of radia- 
tion will produce n larger temperature rise in a system of lower heal 
capacity; and therefore the heat capacity, and hence the iiuuss, of llio 
junction should be kept os small ns possible. The selection of the 
metals for the junction, however, cannot be made sinijily on the basis 
of thermoelectric powers alone. The thermal and electrical con- 
ductivities are also involved, as is shown iji detail in the theory ns 
developed by Cartwright.® From a consideration of the various 
factors involved, CartwTiglit has reached the conclusion that ii junc- 
tion of pure bismuth Avitli an alloy of 5 per cent tin and 05 per (.’ciit 

bismuth represents a satisfactory compromise ninong the .several 

■ 

conflicting factor.? involved. However, variou-s other materials liavt* 
been used with equally good or better tosliILs^ (sec also General llcf- 
erciice 12,5). 

The construction of a compensated vaciiiim thermocouple using the 
above metaUnlloy junction is described in great detail by Sti‘<.)ng and 
Cartwright.® To keep the heat capacity c»f the couple small, wires 
of pure bismuth and bismuth-tin alloy arc marie about 3 min long 
and 0.025 min in diameter. The soldered junction of these fine wirr^.s 
is scarcely larger than their diameters and Is thus much too snitill for 
use with a spectrometer, the exit slit of which is many times greater. 
The transfer of radiant energj^ to the junction is made w'itli the help 
of a thin metal strip called a receiver, which is about the same slin|H^ 
and size as a conveniently formed image of the widcnetl exit s|iL 
The receiver is cemented or soldered to the junction to give gfnal 

“ C. H. Cnrt Wright, Zeilgehr, f. 92, 15,‘1 (lOSl)- 

^ D. F. Iloniig nncl II. J. O’Keefe, Rev. Sci. In/tt., 18, 471) (1047). 

® J. Rirong and C. TI. Cartwright in Chapter VIll, General llefcreiu'e H.fi. 
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thermal contact and is blackened to increase its absorption. In 
physical characteristics the receiver differs little from a bolometer 
strip, but its functioa is simply to coUccit radiation and transfer it 
to the thermocouple. In order to simulate the at! live junction ns 
closely as possible, the com])eusatioii junction is also equipped with 
n receiver, which, however, is not subjected to the radiation to l>c 

mcasu red . 

TJie thermocouple is mounted in a ease wliicli is evacuated to 
1(J~* mm or better. The use of a vacuum reduces the loss of heat by 
gas conduction from the couple and may increase the sensitivity of 
the couple to radiation iis niiich as twcjityfoid. However, tLiC]*e is an 
attendant decrease in the speed of response, which may have certain 
disadvantages discussed below in connection with am]diliers. 

One way of inc Leasing the electromotive force generated by thermo- 
electric means is to use several thermocouples in scries, an arrange- 
incnt called a thermopile. The many factors that must be considered® 
make it impossible to say dogmatically that the ilnpro^^etl pcrforniaitcc 
of a thermopile over a single couple will warrant the trouble of making 
the extra junctions. Actual pvtmtice indicates a widespread convic- 
tion to the contrary on the part of infrarcd-resenrcli workers who 
make their own detectors as well as by commercial croiiccrns ]>roducing 
infrared spectrometers. There is a tccluntiuc for the production of 
thermopiles, however, by whicli multiple juiic Lions are just as readily 
produced as single junctious. The pro(!cdnre'® consists of niakiug 
the metallic junctions by successive deposition of tiic two me Luis in 
a vacuum evaporator. A scpiiruLc paUern or nitusk is used during the 
evaporation of each metal to form the strips of that metal, and the 
jmu!tioiis occur at ureas where the two masks have 0])en aliens in 
common. The metals, usually bismuth and aiitiinony, are deposited 
on a thin supporting film of plastic sucii as cellulose acetate or 
Fonnvar. The evaporation te(:hni<HK! lias also been used for the 
fabrication of fast thcrniocouplc.s^' aiul bolometers.^* 

^ See C^iclwritiliL, rooLiioLc (I, puffc 

L. lIiirriK mill w»'Vi»rkcPs, Rpi\ Sri, 4, Ifi L (lUii!)); S, IfiS (10!M); Jottr, Ofti. 

Soi\ ylrii., 30, r>]0 (IIHU). 

“ Sec, for 0Miiii|>W, L. R<iess iiml K. N. Dneim, Her- Sri, Innf., 16, I (SI (Itt lfl). 

Sec, Tor cxumplc, IL 11. Rillinf'ri et ul.. Jour. Oiti. Hoc. .-Ij/i., 36, 
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Other thermopile design mid construction details will be found in 
articles by Horiiig and O'Keefe^, Pfiiiid*® niid CoblentK (Goticrnl 
Heference 1^.1, page 101). 

12.6. Other Thermal Detectors. Vai’ious detecting devices in 
addition to bolometers^ tlieriiiocoupics, and thermopiles have 1>ccii 
u-sed extensively at one time or another for the ineosurcmciit of 
infrared radiation. For sundry reasons they find littic iippUcntion 
today. The vane rad Lome ter, most familiar in the form of the simple 
Crookes radiometer, has been I’efined by Nichols and others” to a 
point where it is at least as sensitive, if not more so, than the detectors 
considered above. However, the construction of tJiese instrunieiits is 
so difficult, their maintenance and operation demand such elaborate 
precniitioiis, and they require so iniicli time for a single reading that 
they ai'o rarely used today for spectroscopic inirposes. 

Another detecting device that has interesting possibilities is the 
pneumatic radiometer known as the (hday cell. tlovico, a 

predecessor of which is the Tlayen ceZ/,*® nieasnres mdiation by the 
prcssLire iiicren.se in a gas chambcf accompanying the tenipcrature 
rise caused by absorption of the radiation.^* The riidiation is iu)t 
absorbed by the gas itself but by ti thin metal film in contact with Llin 
gas, ns shown in Fig. 12.1. The temperature of the gas is raised then 
by gaseous conduction of heat away from tlie film. The sin all 
I>rc3sure increase is observed by the deflection of one of tlic ^^'alls of 
the gas chamber, which is made very thin aiui flexible. Measure nieiil 
of the deflection can be made optically or electrically. In the (Jolay 
cell, sliowii in Fig. 12.1, the deflectable wall is used as a mirror, and 
the ainount of light reflected frein it through a matched gritlworU is 
measured photoelec tr lea Uy. It has a time constant of about 8 X ‘ 
sec and iu comparison with otliei' types of infrared receivers is ri'- 
ported to show a sensitivity^^ several times better lhaii Lliose oF 
conventional bolometers and bliermocou pics. 'Flic Golay cell i.s made 

conuncrciahy by the Epplcy Laboratories of Newport, Jl. I. 


'* A, 
“ K 

li H 
u II 

IVeisrt, 

IT 


II. Itep. jS'ci. fmtl., S, 417 (11>:J7J. 

F. Xicliols, fter^, 4 , in? (ISOTJ. 

V. lliiyes. Rap-. Sri. /».«/.. 7, liOi (IDSfl), 

A. Ziili] JLiul Mnrcri CStilny, Rev. Sci. l/tnf.. 17, 511 (1040). See 11. A 
Jour. OpI. Soc. Am., 36, iWU (1U4(0- 
for exiiiiiplc, 11. 11. Xielseii at td., Jotir. Opt. Soe. Am., 36, {J5H (lOKI). 
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12.7. Amplification and Recording Methods in Radlometry. Tlie 
electrical output of bolometers and thermocouples under steady 
radiation is a small DC voltage that may be m.ensuvc<l directly with 
n seuaitive galvanometer of appropriate cliarocteristics. When the 
galvanometer is pushed to the limit of its sensitivity, however, in the 
measurement of voltages near I0“®, seinoiis difUcidtics are encountered* 
A sensitive galvanometer is sensitive to other things besides the 
e.m.f. tJie experimenter wants to measure, particularly to meclianicnl 
vibr?vtions and stray electrical interference. These can be reduced 
respectively by supports such as the Julius suspensions^ and by 
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12.1. The pneumatic radiometer or Golay cell. 
(Coiirtcuy the Lliinlcy ljabc»Piil<»ry-) 


careful shielding, but often cannot be eliminated. A galvanometer 
suspension also imhilges in erratic torsional Ructuations associated 
with Jlrowniiiii motion, which iiltiinubcly set a limit to the voltage 
wliicli cun bo measured. IVIoreover, the relatively long time re- 
c[iiired by a sensitive galvauinnetcr to come to full deflection is a 
decided irieoiivcniencc when thousiincls of readings have to be 
taken. 

In addition to these troublesome features, n more serious difficulty 
arises from tlic imperfect compensation of tbenrnocouples and btilo- 
iiictcrs. As n result, the "/.cro reading" of the detector output in the 
absence of radiation does not stay at zero but slowly changes in one 
direction or the other. This phenomenon, cidled drift, is Lrouldesoinc 

'■* VihralionlvKs niountinjf.s fi»r f$nWnnumctcTs nre <liseu»i«Ml in Chapter XI Y of 
Gcncrul llororence 
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to correct and adds much labor in the form of extra zero readings to 
tlic process of obtamiEig an infrared absorption spectrum with a 
galvanometer and scale. Drift can also introduce inaccuracy in 
galvanometer readings when the drift during one reading is an 
appreciable fraction of tlie deflection. 

It has proved jMsssible to eliminate drift by virtue of the fact that 
its rate of change with time is slow. The method (see below, §§ 
and 13.0) is to “ehop’^ the radiation from the infrared source with a 
shutter several times a second and then to amplify the output qf tlic 
thermal detector with an AC amplifler tuned to the chopping fre- 
quciicy. To eliminate drift by this kind of procedure, as well ns to 
minimize the other difficulties mentioned above and to reduce the 
labor of obtaining an infrared .spectrum, various kinds of anipliflci's 

and automatic recorders have been introduced. 

■ 

12.8. Photorelays. The photorelay is a device for amplifying the 
deflections of a primary galvanometer l)y means of a photocell and a 
second galvanometer. The first photoi*elay, that of Moll and 
Burger,^® actually used a thermopile rather than a photocell, but the 
principle of later devices i.s the same. Light reflected from the mirror 
of the first galvanometer falls on the siirfiice of ii sensitive photocell 
of some kind. Tlie photocurreiit thereby generated is sent to a 
second galvanometer but is balanced potentioinetrically so that at 
the zero rending of the first galvanometer the second galvanometer 
also reads zero. When the mirror of the first galvanometer siifrer.s 4i 
slight deflection, the amount of light falling on the photocell changes 
and a curi’ent flows through the second gjilvniionieter. The optical 
system can be armiiged to give a linear relationship Ijetweeji the two 
galvanometer deflections. Since the magnitude of the photociirrciit 
can 1)0 made quite large by use of an appropriate optical arrange in en I 
and intense light source, tremendous amplification of the priniiiry 
galvanometer deflection is possible. It is relatively eiisy by iiiciiiis 
of the photorelay to amplify the primary galvanometer deflect ioii.s to 

such an extent that the Brownian fluctuations tliereiii iiro rciulily 
observable. 

Of the several inodiflcatioiis of the photorelay,^® that made by 


W. J. H. Moll and H. C. Burger, Phil. Mug. (0), 50, 021 (1025). 

*• A. U. PfiiDci, ScieneCt 69, 71 (1020); R, R. Ilftrnc.s mid R. Nriito.sst Zeitschr. /. 
Phffjtik, 76, 24 (10.S2); C. II. Cartwriglit, Hev. .Sri- /a.-*/., 3, 221 (1052). 
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Pfund and called by him the “resonance radiometer” is the most 
significant. The photorelay tleacpi!'>etl in the preceding paragraph 
III! Fortunately doo.s not eliminate zero drift. PFimd pointed out that 
by tuning the primary and secondary galvanometers to the same 
jKjriod, one can make the pliotorclay particularly sensitive to electrical 
impulses of that period and much less sensitive to other imjnilses, 
especially those of drastically difi'criiig period,'" such ns a .slow Zicro 
drift. The response of the tUerinocoiiplc or holoincter to radiation 
is made to vary with the period to which the galvanometers arc tuned 
by “chopping” the nuliation at that period. A rotating sector or 
pcndulum^con trolled shutter may be useil for this purpose, . 

In actual practice, the resonance radiometer is somewhat com- 
pUcated to use and has a relatively slow rc3])onsc time, but the 
fundamental idea of cUmiiiating drift by periodic interruption, of the 
radiation and sharp tuning of the phoborclay to that period is very 
sound. The replacement of the photorelay by a tuned AC nraplifier 
results in a simpler over-all system, in widespread use. 

12.9. Altomating-Current Amplifiers. In I'ccent years great ad- 
vances have been made in the design of vacuum -tube aniplifiers, 
particularly in the development of low-fi^equency, sharply tuned am- 
plifiers. One of the most signiBcant of these fulvanccs, due to 
Scott,®' is the so-called “Twin-T” negative feedback cireuiL. Tn this 
circuit, sharp timing of the amplifier to a narrow band of Frequencies 
is achieved by negative feedback From the late stages of the amplifier 
to the first stage. The negative feedback cancels the gain of the 
amplifier, but by the insertion of sharply tuned filters iu the feedback 
line, a narrow range of frequencies can be eliminated from the feed' 
back. For this frequency range, the gain of the amplifier is not 
nullified. With such an arrangcrneiit it is possible to coiistruel 
anip[ificr.s of low frequency (11) cycles per second or lc.ss) and very 
narrow pass bamf (1 to 2 per cent of tiic tuiic<l frequency is attain^ 
able). Several such amplifiers For use with bolometer.^ or thermo- 
couples in infrared spectrometers have been doacriljcd.®' 

* 'I'he rcfloniinre rndioincLcr docs not climiniiLc llic effect of IBrowninn inoLifiii, sinvo 

ilic niiiclom lUifrLiiiilionM tiF the primiiry ^nlvAiiomclcr hfc HiipcrimpciHcd on its hiir- 
inonic fiNcilln Lions, 

H. H. Scott, Vroc. Inttl, TlatUo Kiiif., 26, 2a0 (1038). 

** L. Ui>c.ss, /^pp. Sci. /na/,, 16, 17i (lO+C). 

** N. W’right and Lt. \Y. Ilcrsclier, Jour. Opt. Sae, Am.f 37, 211 (1047). 



312 


THE MEASUBEMEWT OF SPECl’HAL INTENSITIES CP2.9 

The spec l 6 cations of the AC ampliiier of course depend on llic 
radiation detector and the measuring and recording system witli 
which it is used. Clearly, the frequency at which the radiation 
beam is interrupted must not be so high tJiat the detector is unable 
to respond to the interruptions. It was I'cinarked above in the dis- 
cussion of bolometers and thermocouples tliat those features of a 
detector wJiich make it very sensitive, such as vacuum housing, also 
decrease the speed with which maximum response is attained; ami 
in general it may be said that high speed of response is gained only 
at a price of decreased sensitivity, and vice versa. The chopping 
frequency must therefore be a compromise that is not too high for 
the speed of the detector and not too low for good amplifier design 
and recording speed. Chopping speeds ns low as 1 cycle per second ** 
have been used with vacuum thermocouples,* and as high as 40 cycles 
per second with bolometer.s. A compromise of 15 cycles per second 

has been reported for a tlicrmistor bolometer mounted on a glass 
backing.® 

In addition to the great advantage of the tuned AC amplifier for 
the elimination of drift, good amplifier design will also eliminate 
sensitivity to meclmuical vibration and to stray electrical inter- 
ference. The electrical analogue of the Jlro^v'nian motion of the 
galvanometer suspension, however, is still present in the form of 
random voltage fluctuations (the so-called Johnson noise®"’) in the 
thermocouple or bolometer. The elfect of Johnson noise may be 
reduced by sharpening the tuning of the amplifier, since the noise is 
proportional to the square root of the pass-band width. This kind 
of reduction is limited, however, by considerations of speed. T^ie 
response time of the amplifier is essentially the reciprocal of the band 
width; an^ halving the band width, which will reduce the noise by 
only I/'N/S, doubles the response time. Thus the optimum band 
width is a compromise between low noise and speed. Tliere is ob- 
viously no point to making the amplifier response time materially 
fa.ster than that of the indicating device to which the amplifier output 
is Fed. Since this latter is usually not much Faster than 1 sec, band 
widtiis are rarely narrower than 1 cycle per second. Many amplifier- 
recording systems permit control of both noise level and recorder 


^llclllll 1 l LJicrtYiocouplea need not be this slow. They have been iiinrle fnster hy 
a. fnetor of 10 or more. 

“ J. 13. JoEinsoti, Phyn. Rev,, 32, 07 {1038), 
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speed so that the optimum combinutioii of the two factors may be 

selected. 

12.10. A Direct-Cunrent Amplifier. r)c.spitc the advantage of the 
AC amplifier in the elimination of zero drift* there is a DC ampli- 
fier* that has been widely adopted for use in conjunction witli 
a vacuum thermocouple. This amplifier®^ is a DC amplifier in 
tlic sense that a small DC voltage fed h\to the input terminals 
appears ns a highly amplified DC voltage at the output termiiialH. 
As far as the circuit is conceriiicd, it is an AC aini>lifier not drastically 
different from those described in the references cited in the pi‘cvioiis 
section. The conversion of the DC input to low-freqiiency alternat- 
ing cun*ent (75 cycles per second) is accomplished by a inotor-tlrivcn 
commutator. The same motor .shmiltaiicoLisly <lrives a second com- 
mutator that rectifios the amplified 7.'5-cycle output to direct current. 
Used in conjunction with a eommcrcin! ]5cu recorder, the amplifier 
permits measurement of voltages os low as 10“®, which is approaching 
tile Brownian motion limit of a sensitive galvanometer. 

12.11. Kecorders. The wearisome task of taking thousands of 
galvanometer scale readings in the course of charting a single spec- 
trum makes highly desirable some method for automatic registration 
of these readings. For rapid industrial work this is imperative. 
Automatic recording was, in fact, the first of the automatic techniques 
to be used and was introduced as long ago as 1805 by Langley and 
AngstrOni. The reconling method cons w ted, iii principle, of replacing 
the giilviinoineter scale by photographic paper wrapiicd on a cylinder, 
the axis of the cylinder being parallel to the long dimension of the 
scale. Rotation of tlie cylinder at a fixed rale with rcsiiect to the 
traversal of the siiec bruin causes the giilvaiioinetcr spot to brace out 
a pcrinnueiit record of its displace me iits and establishes a definite 
relationship between angular position of the cylinder and the spec- 
tromeler setting. 

The great advantage of recording on photographic paper is its 
ready add i I ion to the standard galviinomcter .setup, and the principal 
disadvantage is the delay involved in the pliologrupliic processing. 
It hu.s been used w'idcly, and numerous .special photographic ar range - 


* This iiniphrivr may lie ijiirchuHcd from Lhu I’urkin-Kliiicr Corporulioii, CilciiUnHik, 
Conn, 

*M. 1>. Listfiii, C, JC. Qtiiiini W. K. iSiiL-gciint, anil G. O, Scoll, 2?fc'r. Sei. 

17, ItH (in to). 
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mcnts have been described. Reproductions of photogra])hic recortls 
have often appeared in the Jiterntnre.“’ 

A simple device which makes possible the sub.sbitution oF x>cn-and> 
ink for photographic recording has been described by Poinpco and 
Pentlier.®* The light beam from the final galvanometer falls on a 
split-cathode photocell mounted on a carriage holding a pen. The 
photocell output controls a motor that drives the carriage in such 
fashion that the galvanometer beam is always centered on the photo- 
cell. The carriage track is mounted parallel to the axis of a revolving 
cyliadcTj and the moving pen records on paper wrapped about the 
cylinder. 

The development of high-gain amplifiers like those described in the 
preceding section occurred simiiltaneoiisly with the commercial 
availability of fast, low-voltage pen-and-ink recorders suitable for use 
with them. Many of these recorders are well suited for use with 
radiometric devices, and accordingly most of the infrared spectrome- 
ters now on the market are equipped with standard comiincrcijil 
recorders. The Electronik high-sjiccd .strip rccortler of the Hrowti 
Instrument Company, shown in Pig. 12.2, is a repre.sentaLive exiimple. 


PHOTOELECTRIC MEASUREMENT OP INTI5NSITY 


Many of the electrical properties of matter are affectetl by light, 
so there are various kinds of "photoelectric effects.'* Three kinds of 
photoelectric phenomena have been adapted to the measurement of 
spectral inten.sity : the photoemissive cITcct, which is the ejection of 
electric charge from matter through the agency of radiatiou: Liu* 
phatocotuluGtive effect, which is the change of electrical coiidiietivily 
produced by radiation; and the pJwiovoliaic effect, whicii is the geiioi'H- 
tioii of a potential difference between two electrodes as a result of the 
irradiation of one of them. 

Since about 1030 the characteristics of photocells of these three 
types have been improved ao much that photoelectric methods are 
now used to an extent comparable with photography in the dctoel.ioai 
and mca.siircir)ent of spectra. Especially striking advances liavc been 
made in (a) the reduction of the threshold of radiant power ilia I is 


*• F. A. 'Kircstonc, Sci, Insl., 3, 103 (1033). 

N. ^VrixhL and iT. Af. Hanclallj Phys. Pcu., 44, 30 (lO.*!:!). 

N. ^Vright, Ifid. Chem., Anal, ed., 13, 1 (1041). 

" D. J. Ponipec and C. J. Penther, Rev. Sci. JncL, 13, 218 (1042). 
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needed to produce a recognizable response from tlic photocell; 
(b) development of techniques for the inaniifucture of stable* re- 
producible photosensitive surfaces; (c) extension of the spectral range 
of sensitivity well into the infrared and ultraviolet regions; and 
(d) development of new means for amplification of the photocurvent. 
These improvements arc still in progress, and the proccdurca de- 
scribed below for tbe photoelectric mcasiirement of spectra will 
unquestionably iibdergo important changes in the future. 

In the evaluation of a photocell as a measuring device for spectral 
radiation, the pro^KJrties of prinaary importance are its sensitivity. 



FLg. 12,2. The “Blectronlk” high-speed strip recorder. 

(C'oiirLoMy Drowu liiHLrunienb Coin puny.) 

linearity, wavelength range, neutrality, and thi*eshold of detection. 
These properties have been defined, with the exception of threshold^ 
which may be taken as the radiant power nectled by the cell to ]iroduco 
an electrical signal that is at least as large us the electrical nois.c gen- 
erated in the cell. Unfortunately, it is difficult to tie ter mine an 
absolute value of the noise, been use a mcasureil value depends not 
only on the cell itself but also on the cliiiraeteristics of the amplifying 
and indicating systems . Vor this reiison eoiiiparisoiis of the tliresli- 
olds of detection in jdiotocells of different tyjxss must he made with 
care and with duo aUowanec for any differences in circuits. 
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12.12. Photo emissive Cells and Electron-Multiplier Tubes. Por 

the inen^uremcnt of spectral intensity, the photoemissive cell is prob- 
ably the best all-round photocell with respect to all the above charac- 
teristics except wavelength range. It is linear over wulely difTcrent 
intensities of illuminnliori. Its threshold of detection is low at room 
tempcratiu'e and can be made still lower by refrigeration, if necessary - 
The sensitivity is high and the working stability of the cell is satis- 
factory. A typical ceil is shown in 
Fig. 1S.3, and a convenient circuit for 
the measurement of low light levels in 

Fig. 

In the form of the eleclrmi mvlii"plior^ 
the photoemissive cell ]^roniises to iio 
more widely used in sjjectro]>liotoiiietcrs 
than any other kind of photocell, This 
is a combined photoemissive cell an<l 

electronic DC amplifier in a single 
envelope. Its operation is illu.stratecl 
in Fig. 1S.5. The basic principle is the 
phenomenon of secondary electron 
emission from a treated inetnl surface 
under bombartlment by primary elec- 
trons. The itn]jortance of the i>hc- 
nomenon lies in the fact that n single 
primary electron may give rise bo four 
or five secondary electrons. Ill the 
electron multiplier the Ill's t primary 
electrons ai“c those ejected by ra<lia- 
tion falling on the photocatho<le O. 
These electrons arc accelerated tf) 
the first anode (electrode No. 1) by 
an electrical potential of, say, +100 volts api^liecl to it- The 
photoclectrons impinge on the first anode with siifHcient velocity to 
eject four or five secondary electrons each. The newly released 
secondaries are then accelerated to electrode No. 2 by a higher 
potential (for example, +200 volts above the photocathode), where 
each in turn gives rise to several .secondary electrons. The procc‘ss 
continues in this fashion, through a niiinber of stages (.six in Fig. 12..'5), 
the number of electrons being multiplied nt each stage by a constant 
factor of approximately *t.5. The electrons From the final electrode 



FJg. 12.3. A typical 
photoemissive cell. 

(CourtcKy ItCA Xjnburatorics.) 
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nre collected at the anode A, whence they nrc coml acted away and 
measured as photocurrent. 

The photoelectric properties of the electron multiplier are deter- 
mined by the photocathode. The over-all ampliBcntion may range 


FP- B4 



Pig. 12.4. A Bimple photocell circuit for the measurement of low light levels 
(order of microlumens). Hcpresciitiitis^c vulues of Llie electrical com pone nls 
would bo: ffi = Si vnltH; Ji* =» /Ja = /J.i *" /i* = 4 voltn; /t/, — 10(10 megohms; 
/7r Is a bninnciiig resistor; P » photocoU {e-.ff., ltCA-l)£0); C = pliotocnthodo; 
G galviiut>iiiclcr. 


from one thnusiind for a .six^stugc tube to us tniich ns n million for an 
11 -stage tuhe, For ju’ccise spectrophotometry, the potcntiiUs sii im- 
plied to the several stages must he carefully controlled (to ::h0.1 per 
cent a])])roxiiTiabely), hocaiise a voltage (luctuution of a? per cent in iin 
u-stage multiplier cliange.s the amplification factor by about per 
cent. Siiital.>ly stable power supplies have been designed,^®* or 


Incident 

radiation 


j 




Path of electrons: - 


Phoiocothode = O volts 
Electrode i • +i00 » 

II Z ' fSOO M 

H 3 p ^ 3QO tt 

IP 4 : 1^400 M 

H 3 ^ ■■ 

u 6 > 1-600 tv 

m A ' 700 ■ 


Fig, 12,6, Diagram of a six-stage electron multiplier tube. 


T? batteries may he used. The spectral sensitivity curves of twc> 
types of pliotocathodes are shown in Fig. 12.(1. 

12.13. Photoconductive cells. AYUcii plioUaeleetric cletoetioii of 

spectra beyond 1 g is desire<l, it is !ice:<jssary U» use pliolocoiiiliictive 


1*’. \'. Hunt tiiid It. W. Tliokniiin. lirp. fnsf., 10, (( 

IxihL Ptulio 33, !W (lIMo), 

G. 11. I>lcko uiul H. lii, (’itKSH while;, .four. Of)J. ,Ih( 


W- II, Hill. J^rnr. 
3S, 171 Clllk'j). 
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cells; these can be constructed with workable sensitivity to wave- 
lengths as great as 3 or even longer. In the past the most practical 
photocond active cells used a thin film of elemental selenium as the 
material whose electrical conductivity increased markedly upon 
illumination, although many othei' substances with thi.9 property 
were known. Cells of superior qualities arc now available whose 
photosensitive element consists chiefly of the siilflde of lead or of 
thnllimn,^ 

The thallous oxysiilBde or “thalofide** cell shows optimum response 
to radintioti of about 0.05 /x, and has a useful sensitivity to about 
1.4 ft. It is easy to use and has quite a low threshold of detection. 
Its chief shortcoming is a nonlinear sensitivity curve. The lend 
sulfide cell is usable out to 3 /< or even beyond. Desjjite the wkle 

1.0 

OA 

as 

04 

ao 

A in 

Fig* 12.0. Spectral sensitivities of photocells. Kncli curve i.s relative to Its 
own maTCitniim sensitivity. (-4) Cesiiim-antimony plio toe missive cell; (fl) 
ccsiuiu oxidc-ailver phoLi>e missive ceil; (C) tlmlofidc piititucondiictivo cell; 
{D) lead sulfide p ho toe on due Live cell. 

range of sensitivity, it is relatively neutral over most of this range, in 
contrast to the thalofide cell, which has a very steep sensitivity-vs.- 
wavelength curve in the range 0.05 to 1.5 fi. The threshold of detec- 
tion of the lead sulfide cell is higher than that of the thalofide cell, l>iit 
refrigeration of the lead sulfide surface with “dry ice” both lowers 
the threshold and extends the usable range to longer wiivclciigths. 
Xiike the thalofidc cell, the lead sulfide cell is nonlinear. 

The spectral sensitivity curves of tlialofide and lead sulfide cells 
are shown in Pig. IS.O. Other kinds of photocoiuliictivc iruiteTinls* 
for example lead sclenide^ show promise of workable sensitivity itt 
even longer wavelengtlia. 

12.14. Photovoltaic Ceils. In the form of the “barrier-layer” cell, 
the photovoltaic cell is probably the most convenient kind of photocell 

R. J. C’uflhman, Jour. Opt. Soc. Am., 36, 3,50 (A). (1040). 
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obtainable. It requires no auxiliary voltage supply, since it utilizea 
the incident radiation to generate ratUer than to modulate a voltage. 
Under proper circumstances its linearity is good, and for any plioto- 
metric purpose where plenty of light is available, the photovoltaic cell 
is simple and easy to use. Unfortunutciyt most spectrophotometers 
Tim short of light at one end or the other of their oiserating spectral 
range, and the low sensitivity of the photovoltaic cell in these regions 
is a great Imndicap under such circumstances. In addition, tiic 
amplification of the response ])i‘cscnts special problems due to the low 
impedance of the cell. For these reasons photovoltaic cells arc little 
used in spcctropliotoincters. The si^ectral sensitivity curve of a 
typical photovoltaic cell docs not differ miieli from curve A of Fig. 
I®. 6. The peak of sensitivity is at slightly longer wavelength, say 
0.50 fL. 

12.15. The Incorporation of the Photocell in the Spectrograph. 

Because the photocell <locs not cliscriiniiiatc between two different 
wavelengths, it is nccc.ssary to isolate each wavelength at which 
intensity measurement is to be made. The spectrograph in which 
photoelectric tlctoction is used must therefore function iis a inono- 
chromiitor. A monochroinntor is ])rovi(ie<l with an e.xit slit, and the 
first rcquii-ement to be met in photoelectric detection is the arrange- 
ment of the photocell to iitilisie the maximum amount of mono- 
chromatic riuliiition cinergcnl from the exit slit. This arrangement is 
ordinarily a simple one. The of the exit slit and the angle at 
which the monochromatic beam emerges arc often such that the 
photocathodc area in the photocell ean interccjjt the entire beam if 
the photocell is place<l at the ijvoper orientation and wdthin the proper 
distance from the slit. 

If it is desired to place other devices in the region between the exit 
slit and the ])liotoccll (for example, an absori>ti<>n chjU for abHor])tiQn 
spectTO])hotoiiietry as in Chapter 14), an opticrnl system is needed to 
carry the beam Ihrougli this region and then to ])roJect it upon the 
photoeathode. The nature of this system depends on the function 
it is required to perform. Usually it consists of a collimating lens 
to render imrallel the beam From the slit, and a focusing lens to ]>rojcct 
the beam on the photocathodc. A .sketch of this optical arrangement 
is shown in Fig. 12.7. 

A second pequircincnt to ])C met concerns the nictUod of seanniiifi 
the siicctriiin, that is, the mctJiod of bringing the vurious wavciengtli.* 
successively to the exit slit. In most iiionocliro maters the spcctruit 
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IS scanned by rotation of tbe dispersing element, wlietlicr it be pris- 
matic or diffractive. Under this arrangement the exit slit is usually 
Axed in poaitioni and therefore the entire optical system from the 
exit slit to tlie photocell may also be fixed. No addition is rcqiiircc 
to the optical system mentioned in the previous paragi'aifiii aiiart 
from some method of making changes in lens positions and other cor- 
rections required by the change in wavelength of the emergent bcam^ 
Sometimes the optical or mechanical arrangement of the mojio- 
chromatoT precludes scanning of the spectrum in this way. An 
alternative procedure is to keep the dispensing element in a fixci 
position and to move tlie exit slit along the surface in si>ace on which 
the spectrum is focused. Necessarily, the emergent beam will nio'\^c 
with the slit, and this motion must be compensated in some way to 
keep the beam properly directed onto the photocathode. Such com- 
pensation can sometimes be effected by optical means, but it is 



Exit 



Rrat Absorption Second 

lens fjgji lens 



Photocell 


Fig. 12.7. Simple optical system for photocell. 


usually found preferable to keep the photocell in fixed relationship 
to the exit slit. This requires moving the entire slit-photocell system 
during the sc aiming of the spectrum, which is somewhat awkv'iirtl. 
However, with grating spectrographs whose mountings prevent 
scanning of the spectrum by rotation of tlie grating, such as the 
Paschen or Wadswox’th mountings, this procedure is always followed. 

Tlie constructioii and use of various types of pliotoelectric spectro- 
photometers are considered in Chapter 14. 

12d6. Amplification and Recording of Photocurrents. Because of 

the high impedance of both photoemissive and pliotoeonductive cells* 
electronic amplification of their photocurrents is reiidilj'" acliLcvcd. 
The problem of amplification has two aspects, hoAve^^er, one con- 
cerned Avith the senaitivitj^ of the photocell and the other witJi itf^ 
threshold of detection. 

Ah defined at the start of the chapter, sensitivity is the slope of 
the ciirA^e relating the photociirrciit to the rndiiint ]30AV'er wliicli pro- 
dnees it. Amplification of the photociirrent by a given factor iiuilti- 



321 


§12,16] THIS MlSASURKMENT OF SPBGTtlAL INTENSITIES 

plies tlie slope of this curve by this sfiinc factor and therefore increases 
the sensitivity by this factor. Inasmuch as the currents produced in 
a photocell by the light intensities available in spec 1 1*0 met era are 
usually so weak na to require a senaltive galvanometer for meoaure- 
menti amplification of the photocurrent is essential if it is to be 
I'ccorded, for example, on n coramercinl recording milli am meter. 
One purpose of amplilication, then, is to elevate the photocui'rent to 
a usefully high level. 

Xhe threshold of detection of a pliotocelb on the otlier hand, is n 
property that cannot be altered (except for the woi'se) by mere 
amplification of the photocurrent. It xvaa defined previously ns the 
radiant power required to produce an electrical signal eq\kal to the 
elect-idcal noise present for various reasons in the current output of 
the photocell. An important point to be remembered is that in 
amplification of all components of the ]>liotocurrcnt the noise is 
amplified along with the signal, so that such amplification does nob 
alter the signal-to-noise ratio (except for the worse, in case the 
amplifier introduces appreciable noise). Xliereforc mere amplification 
of all photocurrent components does not lower the threshold of 
detection. 

The electron'* multiplier tube fui'nishcs a simple example of these 
two aspects of amplification. A certain amount of radiant power 
incident upon the photocathodc (C in h'ig. 1S.5) will jjroducc a photo- 
ciirretit bcLwccii C and anode 1. The sensitivity of the first stage of 
the photoccli is the ratio of this photocuri'cnt to the radiant power 
which produces it. Now the photoclcetrons incident u]>on anude 1 
liberate a larger number of electrons, which in turn impinge upon 
iiiiodc S. This larger luiiubcr coiisti bates an aiuplificd iiliotocurrcnt, 
and a correspondingly increased sensitivity. The .sensitivity in- 
creases with each stage in this way, the over-all amplification nniouiit- 
iiig to several powers of ten. Tlii.s increase in .sensitivity, ludiicved 
so neatly within the c:onfinc.s of a .sLiiglc vacuum tuLic, is the great 
virtue of the elccjtron mulLlydier. 

On the other hand, the threshold of detection of a iiiiiltiplier tube 
is no lower than that c»f the fir.st stage, hecau.se the ]>liobocMLthode is 
constantly emitting electrons by virtue of the tlicr 111 ionic effect. The 
thermionic current forms the chief part of what is usually called the 
dark current hec'iiuse it is be.st meiisured in tlio absence of light, which 
would of course give rise to a photocturrent. The dark curuciiL de- 
pends on the te in peril tin*c of the entliodc, on the jjotenlud of the 
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first anode with respect to tlic cathode, and on other factors^ but 
on (lie average is constant when all these factors arc constant. If the 
dark current were absolutely constant, it could be subtracted out of 
the total current and would not limit the least detectable sij^inl. 
However, the real dark current fluctuates slightly in random fasliion 
about its average value. These current fluctuations fix a throsliold 
for the least detectable signal that is about equal to the mean value 
of the fluctuations themselves; that is, the ratio of least detectable 
signal to the noise is about unity. Ajiy smaller signal tends to get 
buried in the noise. 

The amplification stages of the multiplier amplify the dark current 

with its fluctuations indiscriminately along with the photocurrenL. 

The ratio of photocurrent to noise is themfore not altered* during 

the amplification, and the size of the least detectable signal is not 
lowered . 

In most photoelectric spectrometers the optical systeni feeds the 
photocell suOScient light (except perhaps at the long and short wave- 
length limits of the instrument), so that the prime objective of the 
amplifying system is the elevation of the j)h<)tociiiTciil to levels 
suitable for recording, Discussion of the many types of amplifying 
systems is outside the scojje of this book, and the I’eader Is rcferi^d to 
treatises and journal articles on electronic uinplilicabioii for informa- 
tion on this subject (General Reference 1S.4). IIo^vevo^, it is worth 
while to consider briefly the possible steps by which the threshold of 
detection might be lowered with the help of selective ainjdilieation. 

We have seen in § 12.0 that am p Li flea t ion by a tuned AC aiiijjlifier 
of the alternating output of a bolometer or thermocouple can. cUnii- 
nate long-period drifts in thermoelectric recording. There the olijec- 
tive is the amplification of a signal nltcrnutiiig with niiicli higher 
requency than that of the drift. The fluctuations in dark current 
rom a photocathode, on the other hand, are not coiiliiied to a par- 
ticular period but are spread out over a “noise spectrum.” This 
means that a tuned AC amplifier will amplify some of Llic noise but 

^ rc which falls in the frequency band to which the 

ampi er IS timed. The narrower this band, the smaller the total 
rac ion o t le noise amplified. Hence the threshold of detection ciiii 

Qwerc 1 t e light to be measured is interrupted by u sliiitler or 

■ 


* Tlie aniplificalion singes 
minimum deleclnble signal, 
(liscussion. 


own, lliert'by TiiLsin;^ the 
IS e cct is usually sinnll compared to llic one ilhcLl'C 
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“cliopper^* so tliat the resultant photociuiTent alternates at the 
frequency to which the amplifier is tuned, 

A practical advantage For the tuned amplification of alternating 
p hotociirr ents steins from the fact that photocells have in general a 
high speed of response. Because of tliis high speed, the chopping rate 
can be fast; that is, the alternating currenb from the photocell has a 
high frequency. It is easier to construct stable high-gain AC am- 
plifiers for which the frequency is above, say, 100 cycles per second 
than for lower fi'equencies. Hence the difficulty encountered in the 
AC operation, of thermocouples and bolometers, where chopping 
frequencies well below 100 cycles per second must be used, is not met 
with in the amplification of photocur rents. 

It might be supposed that the tiu'cshold of detection can be reduced 
to indefinitely low values by reduction in tlic band width of the tuned 
amplifier. Such a reduction would reduce the fraction of the noise 
amxDlificd, to be sure, but would be attended by a comjjlication men- 
tioned in § 1^.0: an AC amplifier with a band width of -J cycle has 
1/'V2 as much noise as a similar one with a band %vidth of 1 cycle, 
but it exhibits twice as large a time lag (roughly two seconds com- 
pared with one). I*'or this I'cason, the threshold of detection of 
radiant j>ower can be reduced by selective amplification only at the 
expense of a much larger increase lii the time required to detect a 
change in the radiant ]iowei‘. 

Since the thermionic current is a function of tlic temperature of the 
photocatliode, anoLlier possibility For reducing tlic dark ciiiTcnt and 
tile random fluctuations thereof lies in refrigeration of the photo- 
cathode. The antici|)ated reduction is very great, Ijcc-ausie of the 
exponential factor in the therniioiiic currcnt-tenqicraturc relationship. 
Ill actual iiractice,®* the i‘edut:tkm in tlicnniouic current tlint accom- 
panies a temperature droj> From room teiiipcrature to tluit 

of liquid air (90°1C) may be ns mucii os tcn-tliousandfold, which 
corresponds to a reduction iii thermiuiiic fluctuations of n factor of lOD. 
The radiant ]30wer level which will produce au electrical sigiiid equal 
to the noise at OO^IC is phenomenally low — of the order of 10“*^ linucnH 
under certain circumstances. Usunlly it is neither iieceasaiy nor 
expedient to operate at so low a threshold, but for certain appHca- 
lions, notably I he study of the llu-intui elVcct (Chapter 18), light 
levels of this low value arc typical. 


H. \Y. Kngslrtiin, Jour. ,SV«*. /Iw., 37. 4.20 nOiT), mid ro-rcroiii'i'S llicrt'; (‘itod. 
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The output of au AC amplifier is an alternating current* Tliia 
current Iins to be rectified, cither electronically or by some other 
means, to be recorded or otherwise registered. Discussion of rectifica- 
tion uietUods is outside llie scope of this boolc. It is of interest to 
note, however, that when the rectified output is fed to a galvanometer 
or other output meter, such ns a recording potentiometer, the time lag 
inherent in such a meter in effect imposes a iiaiTow baud width oven 
on a broad-band amplifier: fluctuations of any kind, whether noise or 
signal, which have a period of, say, 0.00 1 sec, will not be regi-stered by 
a galvanonietci* of a period of a second or larger. In consequence, if a 
slow galvanometer is used with a DC or broiid-band AC amplifier, the 
sluggishness of the galvanometer “filters out*’ all iioi.se with npprc(Ma- 
biy shorter period tlian that of the galvanometer itself. This kind 
of filter will not eliminate drift from tJicriii occupies, becaii-so tiic 
period of thcnnocouple drift is so long, but it can be highly useful in 
iinx^roviiig the ratio of DC signal to noise from a photocell. 

12.17. Photoelectric Spectrometers. Spectrometers using photo- 
electric detection are maiiiifactiired by various firms and are in 
widespread use. Several of these, with attachments making tlioiii 
useful for special purposes, ni‘e described in Cliajjtcrs 14 ami 10. 
Among the first dcsscriptions of the ada[>bation of a Inrgc-grJiting 
spectrograph to photomultiplier detection and measurement of cniis- 
sion s|>ectra was that of Dieke and Crosswhite.^^ One condition to be 
fulfilled ill their adaptation was that of easy change of the instriiniciit, 
in which the grating was in a Wadsworth moiinting, from photo- 
electric to photographic use. For this reason, a scanning method had 
to be devised which interfered with the photographic procctliirc ns 
little as possible. The photographic xilateliolder was therefore 
altered so that a small ciiiTinge could be mounted on it, and could be 
moved smoothly along the focal plane in the tlirection i)e.i^]>Giidiculai* 
to that of the exit slit. Uiion the carriage were moiintod the exit slit 
(ill Slid I a wiiy that the slit always moved in the focal x)litiic) and tlio 
eleotroii-miiltipUer tube. The di>'ergent ben in from the slit fcii 
directly oti the multiplier’s phot oca thode, which wa.s at a distance 

110 larger than 3 or 4 cm. 

The spectrum was scanned by motion of the carriage along a track 

111 the platcholder. Since the effective length of the ])lnteliolder wom 
only 50 cm, the coverage of a wider S]>ecti'iil range involved a resetting 
of the entire plateholder in the usual fashion for the Wadsworth 
nioiiuting. The fact that the plateholder could be used inter- 
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chiingcably for ])hotogra])hic and pliotodcctric detection enabled tlic 
optlmiiiri focus For a new plateholdcr setting to l>c determined jihoto- 
graphically. The spectral region covered by the new setting could 
then be scanned photoelectrically with the assurnnee that no 
furtlier focusing was needed. 

The output of the pilot omultiplier was Fed to a Leeds and Nor tin* up 
recording micro ammeter* usually without intervening amplification. 
Figure 1.4 shows photographic and photoelectric records of the same 
emission spectrum taken with this instrument. A sketch of the 
optical aiTnngement of the spectrograpli Is gi^^en iji Fig. 12.8. 



Pig. 12,8. Photoelectric detection of spectra with a Wadsworth inountliig. 

entrance slit; jl/. cullinLiiting mirror ; fr, concave grating, iS's, exit bIIL; 
phatucell iiioiiiiLcd on enrriage; F, focal curve along wliicii exit slit and pliuUiucIl 
move. 
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CHAPTER 13 


Photographic Photometry 


Outstanding ADV-iiNTAaBs of piiotoouapiiic PiiOTOMiQTriT for 
spectroscopic purposes are its high sensitivity, its feature of inte- 
grating the light which falls on the emulsion over tho entire period 
of an exposura, the possibility it gives of recording the intensities of 
a large number of beams of light (spectrum lines) siinultaneoLisly, 
and the fact that it gives a permanent record in siiii]jlc form. Its 
disadvantages are extreme variation of sensitivity with wavelength, 
noii-Uncnrity of response, its requirement of careful contnil of a number 
of variable fac tor's whose Unportance is easily overlooked, and the 
delay introduced by photogruphic processing. The advantages out- 
weigh these disadvantages, however, and photographic pbotoincti*y 
is used widely for determining the relative intensities of spcctriini lines 
in the visible and ultraviolet regions, and hence for quantitative 
s| j€c t ro cliciuical an aly sis . 

The properties of the principal photometric methods ’were com- 
pared in Table IS. 1. Comparison of beams of {lilfcreiit wavelcngtlia, 
called hetcrochro malic pfwtomelryp requires a “iieiitrar* or ^‘iioii- 
selcctive** photometric method, in which sensitivity docs not vary 
with wavelength. Unfortunately, only the radiometric metliocls arc 
neutral, and these are often iiisufHcieiitly acTi.sitive to be used directly. 
They can, however, be used to standardize more .seii.sitive aoii- 
neutral methods, which can then be made to serve For hetcrochroinatic 
photometry. The photographic emulsion is also notilincar in response 
and therefore must be calibrated at each wavelength in terms of 
beams of light of known relative intcn.sity. 

Many problems, such as those involving measure men ts of the 
attenuation of a beam of light by absorption, .scattci'ing, reHcctioii, or 
interference, require tliat comparisons be made only botweem an orig- 
inal beam and a weakened beam of tho same wiivolciigtli ; I hose 

involve homochromaiic photomelry. Plate standardixution is then not 
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rcqulredi but calibration or its equivalent is still needed. Special 
methods of homochromatic plio tome try have been developed which 
use the photojp'aphic emulsion merely as a null indicator or which 
introduce other short cuts that avoid tiie necessity of direct calibra- 
tion; these come under the heading ‘'spectrophotometry'*^ and are 
discussed in detail in Chapters 14 and 16. 

Although photographic photometry and the sensitometry of photo- 
graphic emulsions (discussed in Chai^tcr 7) are super ficiiilly similar, a 
fundamental difference exists between them. As most plates and 
films are used for camera photography, commercial sensitometry is 
usually only semiquantitative and is mainly concerned with tlic 
qualitative response of nn emulsion to fairly intense white or colored 
light. Photographic photometry is usually applied to tlic precise 
quantitative comparison of faint monochromatic; beams of light, 
which may be visible or invisible. The proper use of a photographic 
emulsion for intensity measurements rcc[nircs control of ao many 
variable factors that for years the method was believed incapable of 
yielding precise results. However, it is now possible to obtain 
without difficulty photographic results self-consistent to witiiin 
^ S per cent. 

13,1. Photometric Characteristics of the Emulsion. The general 
chai'acteristics of the photograi^hic ctmilsion were discussed in 
Chapter 7. Thei‘e it wits pointed out that the response of an emulsion 
to a beam of light dej^eiids on at least seven factors : the intensity i 
of the fight, its wavelength X, the time of exposure £, the nature of 
the emulsion, and the time, type, ancl temperature of the develop- 
ment it undergoes. In addition, various minor fiLctors must be 
controlled, such as the effect on any developable patch of the condi- 
tions in the surrounding emulsion. Because of the diffieriilty of 
controlling all these fac;tors iiccurately, phoLograiiliie photometry 
cannot be used for absolute photometric meiisureincnts. It is Ixist 
used os a null method, but if a plate or film is c'arcFully calibrated 
when this method i.s used, it can be made to function as the equivalent 
of a direct-reading instrument. 

Variable factors can best be controlled by keeping constant those 
which need not vary. In each measurement using liomochroniaLic 
photometry, only the intensity i of the light beam being measured 
and the density d, which is a measure of Ulii-s intensity, arc ossciitiiilly 
involved, and all other factors can be kept constant. In hotero- 
ciipomatic photometry the wavelength X of the liglit also is varied. 




photographic photometry C&13-1 


Three methods of determining plate response linve come into 
common use: (1) measurement of density with a densitometer^ which 
is t]ie moat direct and precise; (S) estimation of the least visible 
density that enn be seen by eye and correlation of this density witli 
intensity quich and convenient method but only semiquantitativc; 
and (3) visual search for adjacent areas of equal density. This lost 
is a quick method but usually can be applied only with the special null 
methods of absorption spectropliotoinetry discussed in Chapter 14, 
The Fundamental law of monochromatic photographic photouictry 
was first enunciated by Hartmann in 1890 apiiroximately as follows : 
2f iioo light heaiYts of iho su'tfie wavslenglh produce equal detisiiiea oti n 
gieen plate in the saine lime of exposurCt they are equal i?i intensit^f- 
That is, if all the auxiliary variables are kc])t constant and di “ da» 
then = i^. When two beams of unequal intensity are to l>e 
compared, one need only determine the ratio by which the stronger 
earn must be reduced in intensity to make its density equal to that 

pioduced^by the weaker beam. With this equality of intensity^ the 
emulsion is being used as a null indicator. 

In practice, it is not nccessarjr to make dz exactly equal to d-i, 
though the liighest precision is attained when this is done, and when 
1 1 C two exposed areas are close together and similfirly isolated on tlic 



Lo^iq Intensify — 

13,1. CftllbxAtloii curve re- 
lating photographic density to the 
logarithm of light intensity. 


photograxihic plate. It is possible 
under controlled conditions to 
determine how d varies with 
Then an unknown intensity can 
bo interpolated between two known 
values of by interpolating the 
density that this intensity pro- 
duces on the curve expressing the 
d- log i relation as in Pig. 13-1. 
where a typical calibration cut-vo is 
shown, similar to the charncteristie 


^ . curve of § 7.2. 

H ' plot density against the common logaritlim of 

le in ensity producing it, on account of the relatively simple sliaiic 

le curve which results and for convenience in covering a wide 
range o intensities. Other functions of the blackening of the jdnlci 
T J intensity could be plotted against one another and could 

actorily for interpolation purposes if a .smooth and 
reproducible curve resulted. Sometimes d is plotted directly against i 
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when work is being done in the underexposure region or 'with X. rays, 
A. few workers prefer to use blackening (§ 13.15) instead of density. 
Since the variable that is usually rend directly is the galvanometer or 
microammetcr deflection of a densitometer, which is inversely pro- 
portional to the opacity of the emulsion being measured, it is con- 
venient to plot this deflection directly on double logarithmic paper 
so that a curve of d against logio 't results. This inverted curve, of 
the form shown in Fig. 13.S, is more convenient than Fig. 13.1 for 
calibration piivposcia (see § 13.@). 

If the calibration curve is determined over nn iiitcnaity range 
sufficiently wide that all desired i values can be interpolated, more 
accurate results can be obtained 
than when extrapolation is requii'ed. 

Finch individual plate or film used 
must be calibrated, preferably at 
wavelengtlis within S5 A of all 
Wavelengths reduced. It is not 
satisfnctoiy to expose two plates or 
films simultaneously, develop and 
fix them together, and then meas- 
ure one in terms of a calibration 
curve determined on the other. 

Because every emulsion varies somewhat in sensitivity over its 
surface, it i.4 wise to keep calibration and unknowni exposures as close 
together as possible. It is also desirable, because of the FllicrliaTtl 
effcjct (§7.13), to surround known and unknown spectral regions to 
be measured by areas of similar density. Tluis it is luiwiac to calibrate 
a plate by menus of a coutlnuous .spcctriiin if iiulividual ,spec:triiiti lines 
are to be measured on it; artificial s]>octPLim lines shovild be produced 
by using a diaphragm to cut off parts of the continuous spectrum, care 
being taken to avoid errors due to tlilVraction. 

Since film is coated in large areas that are cut up subsequently, 
films are likely to be more uniform than plates, which arc coated on 
the concave side of sheets of glass of only moderate size and later arc 
cut into sevei'al ]>icces over which the thickness of the emulsion may 
vary somewhat. 

To fulfill the condition that the wavelengths of the unknown and 
calibration exposures should l.)c the same, a plate should be calibrated 
not merely with another spectrum line of the same wavelength but 
preferably with one of the same shai^c, size, and other charnetcrisbics. 
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Fig. 13.2. Calibration curve 
latlng densitometer deflection 
light Intensity. 


to 
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to reduce errors due to the Kherhard effect. This recommendation 
suggests the desirability of actually using the line under measurcmoiit 
to produce its own. calibration curve, as is done in the single-exposure 
automatic calibration methods discussed below. Kecpiaig the time, 
tempcrntui’e, and character of the development the same for both 
the known and unknown exposures presents no problem if we put 
both On the same piece of plate or film and arrange that tlie developer 
be evenly distributed by one of the special methods discussed later. 

Much work lies been done on the exact form of the relationship 
between the different variables mentioned above. This information 
is largely irrelevant to the purposes of photometry, since in practical 
work we can achieve the desired results without it. However, knowl- 
edge of the qualitative relationships between the variables is con- 
venient as a guide in selecting the best working conditions for xihoto- 
graphic photometry. These are discussed in Chapter 7. 

The photogrnpliic plate as ordinarily used commercially is exposed 
to wliitc light for a small fraction of a second. There is n large 
literature dealing with the characteristics of emulsions under these 
GOLiditioiis. jVIueh less is known regarding their behavioi* when 
exposed to monochromatic light for jninutes and hours. l?latcs and 
films are used on three illumination levels, which have been cmllccl, 
respectively, the plioLographic levels the upectrographic levels and the 
aslTonoitiical level. These may be taken os involving liglit-in tensity 
ratios of approximately 1,000,000 to 1000 to 1, corresponding to limes 
of exposure of 0.02 sec, »0 sec, and 5 hr. Qualitatively, the re- 
sponses of an emulsion are similar under these three conditions, but 
they differ greatly quantitatively. 


HOiVIOClIIlO^^IATIC PHOTOMETRY 

Homochromatic photometry can be used wlienevei* a beain of light 

is to be compared with itself after being absorbed, seiittero<l, or 

attenuated by other means, or when two or more s|jecjtriiiii lines 

having wavelengths not more than 25 A. apart are to be conipareil. 

It is also the first step in heterochromatic photometry, wliicli cmi be 

thought of as a number of separate problems in lioniochi'oniatic 

photometry that must be correlated, llomochroiiiatic photometry 

requires calibration of the response of the emulsion to light of viiryiiig 
intensity. 
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13.2t Calibrating the Emulsion. An obvious method of calibi'at^ 
ing the emulsion, would be to expose various areas on it to a speetruin 
of constant intensity) for equal times of exposure, through a series 
of neutral Biters that transmitted equal fractions of the light of 
each wavelength to the plate. The utidlminishcd light intensity 
at each wavelength could then be called XOO, and that passing through 
each succeeding filter might be 70, fiO, 30, 15* 8, 4, and 2 ]>eT cent. 
The densities produced by each intensity at each wavelength in a 
specified time of exposure could then be measured on a deiisitometcr, 
and calibration curves could he plotted for important spectrum lines 
spaced not more than 25 A apart over the spectrum range to be 
covered. Curves of the type shown in. Fig. 13,3 would be obtained. 

Unfortunately, truly neutral filters are not available, and filters 
called neutral show variations in transmission with wavelength that 
may amount to 10 per cent or more in the visible region alone. In 
recent years, however, it has been demonstrated that the rotating- 
sector disk, if operated under carefully controlled conditions, enn be 
made the equivalent of a neutral filter, and this is the most coininonly 
used method of varying light in tensity. 



LoQiq Infanslly ' 


Fig. 13.3. Calibration curves for different wavelengths. (Kiioh ctirvo Is 

plcitled Li> Llic same scilIc bul wilh diircrciiL origin Lo prevent ovcrlnp.) 

Various methods that have been used for imposing intensity calibra- 
tion marks on photometric plates are listed in Tabic 13.1, w'here they 
arc groupctl os single-exposure methods and mul lip le- exposure meth- 
ods. If various parts of a single hciiin can Iks sent siinnltaiicoiisly 
through dilferent weakeners, it is unncccssiiry to use a steady sourtic; 
but if multiple-exposure methods are used, the liglit intensity must 
not vary between one eximsiiix! mid the next, 'rhe .single-expos 11 re 
methods are in turn divided into those in wiiich the light being meas' 
ured can lie used to produce its own calibration marks and those 
which require an auxiliary source, which need not, however, be steady. 
In general. Table 13.1 is laid out with the most convenient methods of 
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calibratLoii at tlie top, so that in selecting n method it is necessary only 
to run down the column until a method that will [it the circumstances 
is reached. 

It is desirable to use the spectrum l^eiiig studied ns its own ealibm- 
tion spectrum whenever possible, since this inetliod reducc.s errors due 
to the ISbcrhard effect (§ 7.13), results in a great saving of plate s^mre 
atid time (since only one exposure is needed to produce nil the calibra- 
tion marks), and ensures constancy of exposure time, A.lso, a 
number of determinations of each intensity ratio desired can be ob- 
tained from each pair of lines, since each appears at several densities. 

When two lines being compared have the same wavelengtiii their 
two calibration curves should be identical but disjjlaced owing to the 
different intensity scales, arid the amount of this displacement gives 
the intensity ratio of the two lines. This metliod enables one to 
detennine the intensity ratio from the whole course of a curve, as in 
Fig. 13.4, rather than from a single point on it. When available, this 
method is usually more convenient and precise than any other, atwl 
always more rapid. It is listed in Table 13.1 as a single-exposiiro 
aiitocalibratioii method. 



Fig. 13,4. Re termination of Intensity ratio for two spectral lines of same 
wavelength. The two curves are ploLLcd to llio Manic Hoale. iiinl Lhcir sciiaroLicni 
gives log u — log ijt - log (ij/i*). 

When this method cannot be used, a nunilxir of .scixirale exposiiit's 
of equal duration must be made, requiring use of an anxiliary soiirrc 
unle.ss the source of light being measured is steady during the time- 
required to take all necessary exposures. 

Although tile nonneutral or selective methods given in Table 13 I 
are capable of giving results ns ncciirato ns the neutral mctliocls, they 
are less convenient because clifferent transmission values must Ih* 
plotted at each wavelength. Under several of the metiiods lisLc4l 
in Table 33.1 will be found two alternatives which differ only in that 
one produces step spectra as shown in Fig. 13. da and the other wedge- 
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spectra,* shown in Fig. 13.5b. The step spectra are more convenient 
for densitometer use since positions along the line can be detcL'mined 
more readily. The wedge spectra arc designed primarily for u.se with 
the limiting density methods discussed below, which are somewhat 
less precise than <lciisitomotcr methods, thoiigh simpler. 

13.3. Methods of Varying Light Intensity. 

1. Step sector or logarithm sector disk at speolrograpk slit. This 
method is widely used on account of its convenience. It baa been 
the subject oF much controversy because the average intensity of light 
falling on the plate is varied, rather than tl\e actual intensity. Tlic 
investigations of T\vyman/ of OTlricn,® and especially of Webb,® Imve 



(a) (b) 

Fig. 13.5. (a) Short portion of a step spectrum, (b) Short portion of a wodge 

spectrum. 


justified its use under coiit roller 1 circ unis Lances. Webb’s results 
indicate that an intermittent exposure is equivalent photographic ally 
to a continuous exposure when the rate of (Insh is so great that cacli 
grain of the emulsion receives on the avemge not more than one 
quantum of light per dnsh* It is now realized that fretpioncy of flash 
was the critical variable that enused such lack of correlation among 
Hie results of many earlier woi’kcrs, Webb showed that for each 
intensity, emulsion, and wavelength a critical frequency of flash exists 
above which it is safe to use iiiterinitbcnt ex])osurc8 as equivalent to 
continuoiLs. The critical frequency for orrlinary conditions is of the 

* A Lcnn fieri vcci from the iisto of wcf1|{c-shn|K!(1 wlls or ni1cr.H varying in densily 
from top to holtoiiii 

* !•'. Twyiniiii atifl A. Fliirvey. TrttuH. Snr. (Iif>iiclf»rO. 33, 1 flPSl— IW). 

* IJ. O’lJricti. 33. 010 (lO-iO); 11, O'llrieii luid K. 1>, O'llpien, Pfigs. /fcr., 

37, 471 (1031). 

* J. II. Webb, Jour. Opt. Hoc. Am.^ 23, lfl7 iiml 310 (1033). 
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order of ten flaslies per second; to be safe, however, a rotating-scctor 
disk should be run as rapidly as possible, preferably at a speed greater 
t lan 1^00 rpm. The greatest reciprocity and intermittency fniluTcs 
occur when the quanta are small (infrared i*egion), the emulsion grain 
small (slow plates, films, or papers), or the intensity high; but even 
under such conditions O’Brien and Parks'* showed that sufficiently 
high sector speeds could be used to give accurate results. Strobo- 
scopic effects must of course be avoided if AC-operated soiu’ccs aro 
used. 

Convenient forms of step and wedge sectors are shown in Pig. 13-6- 
T disks can be obtained commercially, or may readily be filed out 
of disks of aluminum, appropriate counterweights being added 

to balance any asymmetry. They may be mounted on the spindle 
of a small motor and placed directly in front of the slit of a stigmntic 



»i 1 

Jig. 13,6. (a) Step-sector disk (logarithmic), (b) Wedge-seetor disk 

(logarithmic). 


spectrograph. The motor should be so fastened that any vibration 
w lie 1 it may produce will not affect the spectrograph. 

Errors to be guarded against arise from running the disk too slowly 
or rom using it in such a way tliat nil parts of the spectrograph col^ 
imator are^not sinndtaneously filled with light during a fiosli. Under 
t lese conditions the resolving power of tlie spectrograph and the 
shape of the spectrum lines may be changed, and the intensity steps 
may not be truly neutral. The cutoff edge of the disk should be 
mounted accurately parallel to the spectrograph slit. 

S. Step iveaheneT or wedge at aht. To avoid any possibility of errors 
due to recipro city or intermittency faihu-es, a step weaken er or an 

* R. O’nricn ond V. L. Parks. Phya. Rev., 41, 387 (1032). 
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optical wedge can be iiaed at the slit. Tin fortunately, no substance 
has been discovered that reduces light uniformly throughout the 
siMctrtim, so a truly neutral wedge does not exist. It is, however, 
possible to measure the trarismissioTi of each step of sucli a wenkener 
by means of a thermoelectric or ]3ho to elec trie photometer, usc<l in 
conjunction with a qunrtz-inorcury arc and monochi'oinntor. figure 
13.7 shows typical calibration curves for the various steps of a 
platinum-on-quartz stej) weakener. In making such a calibratiou it 
is not safe to ass nine linearity of density with thickness. Monel or 
aluminum evaporated on quartz gives weakeiicvH that arc npproxi- 
matoly ncubnil throughout the visible an<l iillraviolet. 



5000 4000 3000 

Wavelength in Angstroms 

Pig. 13.7. Calibration ctirvos for a platiuiim-on-quarLz slop wonkenor. The 

iiLcps lire ii iimlierucl in uriler (if ijim^usin^; tlcriHiLj’. 


For the visible and photographic Infra ret I regions* a weakener can 
be produced by exposing a p[iol.ogni])liic; plitl.e. prercrnbl^r onc! of fine 
grain such as a coiilni.st or positive plate, Absor]}|.ion mid scattering 
produce the tlesired red iic lion of iiileiisily, l)uL bol.li vary rather 
rapidly witli waveleiigtli. 

A step or Ave<1gc rediicter niiisl he unironnly illiiniinn terl along its 
length, and nhlaitiing this unifnrinily nuiy prt'seiil diflieiiJties, Ac- 
cepted melliods are <lis<‘iissed in § (J.ti. lii seh“<‘lirig n method of slit 
illumination, it should he home in miiifl that I he resolving power of 
the spectrograph may he h>\vere(l if iiii iniag<' of I he soui'ce is focnised 
on its colliinalor so tlial it is nol ilhmiiiiale<] willi tailtercnt riuiiatioii. 
In order to iiiiike sure that imevt^ii illnniinal ion of llio slit lias not 
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aRecbed tliG intensity ratios, it is desirable to invert tlie step weakener^ 
wedge, or sector frequently so that such effects will tend to cancel out- 
3. diaphragm before the sliU Diaphragms in which steps 

equivalent to those oF a step weakener are produced by geometrical 
means have been described by several workers.® Diaphragms having 
steps of various lengths are introduced into the beam, and by means oi 
astigmatic focusing the illumination on each part of the slit is made 
proportional to the length of one of the steps. Wide departures fram 
spectral neutrality can sometimes occur with .such diaphragms be- 
cause of changes in the illumination of the spectrograph from one step 
to the next. Though this raetliod is suited only to use with a stigma tic 
mountings Frerichs® has used step diaphragms with a Rowland mount- 
ing by placing the diaphragm at the position of the vertical astigmatic 

I 

focus outside the slit, as in Fig. 13.8, Only a limited spectral region 
can be pliotograpliecl at one time by this means, however* since the 
position of the step diaphragm must be shifted for each new wave- 
length setting. Xliis method is frequently used with spectrograplis 
using the Faglc mounting. 

4. Biep weakener or wedge at ihe plate. Concave grating mouiitiugs 
and certain types of prism spectrographs are frequently so astigmatic 
that the methods listed above cannot be used, since any point on the 
slit is drawn out into a vertical line in the spectrum. In the Paschen- 
Hunge and Kagle mountings, for example, long astigmatic lines arc 
produced with central portions that may be uniform in intensity anil 
hence ideally suited for superposition of intensity-reducing devices. 
This condition suggests placing a reducing wedge or weakener dii'cctly 
in front of the plate and photographing the lines through it. Tliis 
method is practicable when narrow inultiplets or SSeeman or Stiirk 
patterns are to be measured) but a reducer that will cover more than 
a few inches of plate is seldom available. 

5. Step slit or tcedge alii. AYith a stigma tic spectrograph having a 
fairly long slit, one can use a slit having varying witiths along its 
length. In this method, when calibrations are made by menus of a 
source with a continuous spectrum, a spectrogram consisting of 
several bands having known relative intensities is obtained, just iis in 
the case of the step- weakener or step-diapliragm methods. The 


* O. I'Innsen. Zcit^chr, f. Phya.^ 29, 350 (104-t); A. von Tlippcl, .'fnn. d. 80, 

074 (1040). 

* H. Prerichs, J. Phya., 30, 544 (1040). 
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metliod has been succesafiilly used by Ornstcin and his collaboraLors’^ 
(see General Reference 13>1) in the visible region find in the near 
ultraviolet, where an incandescent lamp enn be used to give the con-* 
tinuous spectnini, and by Thompson and DufFcndack* in the ultra* 





Fig. 13.8. Step diaphragm as used with a Rowland mounting by Frerichs. 
T|ic r[)LtiLing diixplinigm, ih locuLcd <>ii tins Lnngciil. 7* , to Lbo liowlftiiti cirdc, 
/?. ftt pciint P. Tlic line A ih tlio axis of roLiitioii of llic diuplirngm, iind us tlie 
diapliragiii rcjlutcs, u niiislc Af rotates Myiielironoiisly n-hoxit axis .-•J in front of Llio 
plate. P. This mtisk contains slitfi tlint caiiHc a fixed part of the HpoeLml lino 
image to bo photographed through a giv'cn atop in tlic rotating diaphragm, 

violet, using a liydrogcn discliargc tube as a continuous soiircc. It 
can be used also with lines which arc broader than the slit. 

The method has limited application, because the slit must never 
be so jiaiTow that diffraction produces errors or .ho broad that over- 
lapping of wavelengths becomes important. Also, the fact that a 
■ 1 

’L. S. OrnsLein. PhtfM. XcHttchr., 28, flH8 (1047)-. Pfor. Hoy. fior. (Umthui). 37, 

n37 (luas). 

^ K. B. TIionipHun uiul (). rt. IJiiffentliiek, Jour. Ojft. Sw, .'Iw., 23, lOl (UliJlrt, 
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continuous spectrum is being used to calibrate a plate on whicli line 
spectra are being measured may cause large errors due to the Ebcr- 
liard effect. The form of wedge slit illustrated iu Fig. 13.0 will be 
found usefuh the width of the slit varying logaritliinicnlly along its 
length, 

G. hfuUiple-exposiire 'methods. If it is necessary to use a multiple- 
exposure method, a steady source must be provided. An mean- 
descent lamp is usually satisfactory for the region 10,000 to 3800 A 
(or to 13800 A if a quartz window is provided), a quartz-inei*ciiry arc 
for the region 6800 to 2300 A, and a hydrogen discharge tube for 
7000 to 000 A. Steady sparks between rotating electrodes also can 

be used for calibration. 

One of the simplest methods of intensity variation is that in whicJi 
the cross section of a collimated beam of light is altered by means of 



Fig. 13.9. A wed ge slit whose 
wid th varies logarithmically 
along its length. (Magnified 
horizontally.) 


Fig. 13-10. A rota ting-sector 
diaphragm. The opett secttjrs 
are nuiiic variable so ibat aver- 
age inLcjisiLy can be varied. 


a diaphragm of variable aperture. This change may be made readily 
when the beam in which the aperture is placed is of uniform cross 
section for all wavelengtlis used and when all wavelengths ai‘e troiitetl 
alike by the spectrograph. These conditions are difficult to Fulfill* 
how^ever, since moat lenses have zonal variations of focus and trans- 
mission, A diaphragm of the shape shown in Fig, 13.10 may .serve 
with a spectrograph, but it may cut the resolving power in half if 
placed so ns to i^educe the apparent width of the dispei'sing unit, and 
such a system should be calibrated at selected wavelengtlis. 
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Wire-gaiiKG screeni*® are effective multiple-aperture diapliraginst that 
avoid the dlfhciilties outlined in the preceding paragi'apli, but they 
may introduce diffraction errors unless handled carefully as described 
in the references. They should have tiicir transmission factors 
calibrated under the conditions of use, 'svliercupon they are uaiinlly 
found to be sensibly neutral. They should be kept in continuous 
relative oscillating motion when used in multiple. 

If the transmission factors of a series of (approximately) neutral 
filters are known at various wavelengths over the spectral range de- 
sired, a method is available that is useful for revealing hidden errors 
in other methods of calibration. The filtoi's are introduced into the 
beam, preferably where it has a large cross .section, one at a time or 
in. groups, since they are additive in density. Care must be taken 
to sec that all filters are plane, because any prismatic effect may cause 
some light to be thrown off the slit and thus introduce refraction 
errors. In ter reflect ion effects between slit jaws and filters should also 
he avoided. 

The inverse-square law gives a fundamental method of vai'yiiig 

light intensity. 'Phis method is vei'y useful for testing the accuracy 

■ 

of other methods directly, since it can he used with a sufficiently 
intense source that approximates a point. A. mat surface, .such as a 
quartz disk with both sides mugh -ground, is ]>laccd at the normal 
position of the light source being studied aiul is illuminated by an 
intense source, such as a short .section of mercury arc or an inciiii- 
descent lamp, placed on an optical bench at an adjustable distance 
fi^in the scattering surface. The intensities at the mat surface are 
accurately i^roportioiial to the inveree sqiuire of the distance between 
source and scatterer if the distance is large in comparison with tlic 
effective source size (say SOX). It is particularly ncccs-sary to keep 
out stray light and to avoid atmosplieric I'efraction anti absorption 
in long paths. 

Variation of exposure time, so commonly resorted to because of its 
simplicity, should be used only as a check on the other mcLhocls, or 
when the TOci]>rocity failure of the plate is determined directly, us in 
the fluorescence method of Harrison and Tjcighton,^® T-UkIoi' no cir- 
ciunstances should it Iks trusted for use with a given type tsf cmnlsioii 


® Ij. 11. Mam, H. H. Velir, aiifl C. llitncr. Jour. Pniuhlin Iituf., 178, (IDliV. (1. It 
HarriHoii, Jour. Opt. Soc. .-iwt-, 18, 404 (1040). 

“Ci, H. IIurrisDii uiid P, A. l^ighton, Joitr. Opf. Sor. Aiit., 20, 31S (IDISO); 

Rev., 36 , 770 ( 1030 ). 
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just because someone else Found that this emulsion obeyed the 
reciprocity law. Heductiou of intensity by varying the excitation of 
the source or by using polarizing apparatus, though of value in other 
iitcthoda of photometry, has little application in photography. 

Calibration exposures may be made with a sj^ectrograph different 
from that used for photographing the spectrum to be ihenaui'cd, but 
great care must be taken, to control scattered and false light and to 
ensure that the lEberhard effect associated with differences in lino 
shape 'ivill not affect the results. 


heterochhomatic photometry 

13^4, Uses of He tero chromatic Photometry. When we wish to 

compare two beams of ligJit having different wavelengths or to meas- 
ure the relative intensities of two si)ectruin lines more than Sfi A 


d 



Wavelength 

m 

Fig. 13.11, Three-dlmonslonAl plot of the reUtlon between density, iog intensity, 

and wavelen^h. 

apart, a new .step must be added that is not involved in honioclii’o- 
matic photometry. This step is designed to take account of I lie 
variation in sensitivity of the cimilsion with wavelength, whereas ii' 
hoinodironintic j^hotometry throughout a range of spectniui we need. 


contrast 


homochromatic 


photometry each calibration curve is detcr- 
inlued by producing known variations in the unknown but fixed 
intensity of a light beam. The additional step in hcterochronmtic 
photonieti*y involves determining the intensities used for tlie diffoi’Ciit 
calibration cun''es. It is usually not convenient to take this stop 
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by determining the intensity variation witEi wavelength of tlie source 
used for calibration. Instead, additional exposures are made to a 
source whose intensity distribution is known throughout that part of 
the spectrum being studied. This process is called plate standardiza- 
tion^ 

The basis for heterochroma tic photometry is illustrated in Fig, 
13.11. The three-dimensional plot in the figure gives the relation 
between density, log intensity, and wavelength for a typical emulsion. 
Calibration curves at the various wavelengths appear as plane sections 
cut through the surface of this plot perpendicular to the wavelength 
axis, and the process of standardization consists in determining the 
relative intensity values that will put the calibration curves in their 
proper positions along the log i axis (see General Hcferences 13,i2 
and 13,3). 

13.S. Light Sources for Standardization. Commonly used stand- 
ard sources are the blackbody (§ 8.6), whose spectral energy dis- 
tribution is known theoretically, sources of contiiuioii.s radiation 
C&§ and 8.7) Jiaving known cmissiviby , and sources which have 

as M 17 . ta fta bo 31 9Z 3S 34 w W 37 SB 5A40 , <IB BO M 
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Fig. 13.12. Tho quartz morcury^arc apectrum. 

1 . 

such stcadiac.ss that their spectral -energy tlistributioii can lx: meas- 
ured directly with a monochromator or thermopile or other non- 
selectivc radiometer. 

A convenient source for use in standardizing plates in the visible 
and ultraviolet regions is the cjnartz-nicrcury arc, operated at con- 
stant current and temperature so that the voltage drop across it and 
the pressure within it remain constant throughout the exposure series, 
as discussed in § 8.14. A quartz monochromator can be used bo 
separate the various mercury lines, which are intense and well 
separated in groups that ean be identified readily. The mercury 
S[>ectrum contains strong lines well s])accd ii\ tlic range 6800 to 
2300 as shown in Fig. 13.12 and listed in Table 0.1. 

The transmission of the moiiochi*oinntor for various wavelengths 
is first Tneiisnred, preferably with another monochromator and 11 
photoelectric cell or thermopile. It is important to ensure that all 
diaphragms and other stops in the second monocliromator be ad- 
justed exactly in the manner in which they will be used later in niakiiig 


344 


PHOTOGRAPHIC PHOTOMETRY 


C§13.5 

the in tensity -distribution measurements. The slit of the first mono- 
chromator is made sufficiently wide that all mevdiiry lines or Hue 
£^oups are flat-topped, and the light passing from this slit through the 
entrance slit of the second monochromator is then measured at some 
convenient wavelength. A similar reading for the same setting is 
then made by moving the radiometer so as to intercept all the light 
passing through the exit slit of tJie second monochromator. The 
ratio of the two deflections gives the transmission of the second 
monochromator at that wavelength, if the radiometer has a linear 
response. These readings are then repeated tliroiiglioiit the spec- 
trum. Transmission factors for a typical qiiartz-pfism mono- 
chromator are given in Table 13.2. 


I 


TABLE IS.a 
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Once such a transmission curve has been determined for a given 
monochromator, it can be used with thermoelectric or other spectrally 
neutral radiometric equipment to measure the actual amounts of 
energy in the spectrum of a mercury ate or other steady source run 
under constant conditions. This spectrum can then be impressed 
on the photographic plate that is to be standard! /.ed. 

It may be necessary to reduce the intensity of the light from the 
mercury arc by some method approaching neutrality as closely na 
possible, to the point where it will produce densities in the range O.S 
to 1.5 during the exposure time used on the ]:>]ate being standardissed. 
The principal errors of heterochromatic photometry arise from the 
difficulty of bridging this gap between the lowest intensities that can 
be measured precisely with a neutral radiometer and the highest 
intensities that can be recorded in n suitable time of exposure on the 
2 :>hotogrnpliic plate. This gap may in some c:nses exceed 1000 to 1 
and can probably best be bridged by a combimition of a rapidly 
rotating sector disk and a specially calibrated screen. 
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A somewhat more direct method of standardization, especially 
useful in the visible region, involves iiac of a bluckbody operated at 
a known temperature an incnsiircd by nn optical or other pyrometer. 
The energy distribution can be dctenniiicd from. Wien’s Law cast hi 
the following form: 

logio I 

= 28.5BSI — B logioX — autUog (7.7039 — login X — logio T) (13.1)* 
or from tables {§ 8.4). To cnsarc the blackbody character of the 
rncUabion used, simply take the radiation from the inside of a V-shapcd 
hollow in the side of n graphite rod. A convenient blackbody is 
described by Harrison,^^ and other forms are discussed in General 
References 13.3 and 13.4. 

The principal limitation of the use of tlic blackbody is that at all 
practicable temperatures the intensity falls rapidly in passing from 
the near infrared to the ultraviolet, and the radiation is usually not 
of sufficient intensity to be used for standardising plates at wave- 
lengtlis shorter tlian 3000 A. Also, a continuous spectrum is jjro- 
duced, so that blie Kbcrhnrd effect Ls likely bo cause error uiilc.ss the 
spectrum is artificially broken ii]) into “spectrum lines” of the approxi- 
mate size and sluipc of tliosc being iiieasui'cd. 

A tungsten filament can be used ns a standard source, especially if 
it is of the ribbon type inaLle for radiometric purposes. The coiled 
filament is not so useful, because the temperature varies greatly over 
the surface of an individual coil. Since Lungs ten. is not a true black- 
body, its color temperature must be used instead of its true tempera- 
tu re. The brighbiies.s tcmpcratiirc of the filament can be detcriniiiecl 
by means of an optical jiyroinetcr. Tables giving tlie conversion 
from brightness temperature to color Lciniicratiii'c or From brightness 
temperature to true temperature to color tciupcraburc arc given in 
Chapter 8 and in the International Critical Tables. The actual 
temperature of the filament is likely to vary coiisidembly along its 
length, and its brightness teinperabiire should be determined on the 
actual area which is used to produce the standard speclruin. 

When a continuous spec bruin is used for sLaiulardizatina, it i.s ucces- 
sary to correct the actual cmissivity values for tins dhsper.siun of the 
spectrograph, since the radiation Is spread thinner where the clisper- 


* In this cxpro.ssion, I i» in wiiLLa per cm* of bhiokbocly .surface iKir nii|f.sLrott] nf 
Spcciral raii^c, X is in nngslmins, utid 7* is in °K. 

“ G. II. Miirpiwni. Jour. OfH. Soc. Am,, 19, <1M) (1029); II. H. llorgcio, Pfii/u. 

26, 707 (1D25). 
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sion increases. With line spectra this correction is not neccaatiry, 
since all of the energy of a spectrum lijie usually goes into the radU 
ometcr regardless of effective slit width. 


APPARATUS AND METHODS FOR 
PHOTOGRAPHIC PHOTOMETRY 

13. 6i Selection of the Spectrograph. For photographic photom- 
etry n spectrograph should be selected which will permit a fairly large 
number of exposures to be taken on a single plate and which is as free 
as possible from scattered light. The latter consideration makes the 
Littrow mounting and those mountings in which light traverses n- 
prisiu more than once less satisfactory than other spectrographs. A 
spectrograph having dispersion as great os is consistent with other 
requirements should be selected » inasmuch tis higher dispersion yields 
higlier precision in wavelength measurements on continuous specti’n 
and allows wider slits to be used with line spectra. Increased disper- 
sion also reduces the intensity of the continuous background relative 
to the lines, and diffraction errors of the type discussed below arc 
decreased the dispersion and slit width are increased. In photo- 
graphic photometry the slit is often made as much as 10 times ft.s 
wide as is suitable for wavelength measurements, to obtain flat- 
topped lines. In general, concave gi’ating spectrographs are some- 
what more convenient and flexible for photographic photomoti'y of 
line spectra than ore prism iustruments. 

For measuring relative spectriim line intensities, it is not nece.ssflry 
to know the transmission of the spectrograph, since under proper 
conditloTLS of illumination, transmission losses affect unknown am I 
standard beams alike. 

13,7. Selection of the Emulsion. From among those types of 
emulsion which are sensitive in the spectral regions desiretl, one having 
good photometric characteristics should be chosen. Usually an emul- 
sion of medium contrast and speed will be found most useful. Fast 
einulsions, which usually have low contrii.st, are undesirable for 
photometry because large variations in intensity produce only small 
variations in density. Also, large errors may result from the tendency 
of a fast emulsion to fog, and from its liigh sensitivity to prc.ssure, 
temperature, naid humidity effects. On the other hand, plates having 
very high contrast can be used over only a narrow intensity range, 
and one is likely to find it necessary to work on the untler- and 
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overexposed portions of the curve where the rapidly cliaiiging slope 
increases the error of interpolation. Though it is not at all necessary 
to restrict mcnsurcnicnts to the straight-line portion of a calibration 
curve, a Fairly long striiiglit-linc portion with a slope oF 45 <lcg is likely 
to be fouml most convenient. 

Certain types of einulsion have multiple coatings of different speeds. 
Such emiilsLon.s should be avoided for ]>hotoniet]‘ic purposes, since 
they often show a change in contrast in the middle of the calibration 
curve. The advantage of having a number of points lying in a 
straight line is then lost. 

Although it is, of coLir.se, nccessaiy to use dyed and coated emulsions 
in certain regions of the spectrum, each aclditioniil treatment of an 
emulsion increases the possibility of variation over its surface, so 
* ‘clear- working** ijlates, showing little reskliuil dye, should be used 
when possible. Schumann plates arc so non uniform ns to be unde- 
sirable for i>hotogi‘a])hic photometry, and special methods must be 
used in the extreme ultraviolet (§ 10.7). 

Plates to be used for photographic photometry should lilways be 
stoi^ed on edge in a cool place to reduce pressure murks and fogging. 
No intensity marks or other important cxposurc.s should be made 
within J in. of the edge of a plate. 

13.8. Timing the Exposure. U.sually it is not necessary Lo know 
the exact duration of an exposure, but merely to ensure that all 
exposures to he com parcel are of the same duration. There is a 
certain amount of choice in the time of exposure to Jig employed 
unless the light .source is A'cry weak, since it is always possible to 
reduce the intensity of n strong soiii'ce by changing the mode of 
illumination of the .s[)octrograpli. XF such a cli tinge i.s iicccssnry, it 
should be made to give a time of cx]>oHure of at least 1 min., (n) 
because the response of the emulsion is somcwliiit more uniform to 
a moderate rate of illumination, (b) because the effect of short-time 
fluctuations in tlie intensity of the light source will then be averaged 
out, and (c) because timing of the exposure can be more ]>recise. The 
most satisfactory exposure time is usually From 1 to 3 min. 

’When exfjoaurcs of .5 min or It^iigcr are ii.sctl, a baiid-operate<l 
shutter, or a card held in front of the slit, can be timed with an 
ordinary'' watch. Eor exposure times between I sec and 5 min, a 
magne tiddly operated shutter run by iinpiil.scs from a clock beating 
seconds, or from an electric clock, Ih iisefnl. h'or cxpo.sLires that must 
be less than 1 sec in duration, a do iiblc-.se c tor disk is cITectivc. This 
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disk consists of t^fo coaxial disks arranged to rotate at a known speed 
ratio witli a single sector cut out of each. One disk moves so slowly 
tlint tlie spectrograph shutter can be opened or closeil conveniently 
during a single revolution. The operator opens the shutter while the 
light beam is cut off by both disks. The slow disk then allows the 
boam to strike the fast sector, which shortly thereafter permits the 
light to fall on the slit for a brief exposure. Before it can repeat this 
operations the slow sector lias again cut off the light; and before the 
slow sector opens again, the spectrogra]ih shutter luis been closed. 

13.9. The Brush Bffect. It is probably desirable in photometry 
to let a longer time elapse between the last exposure on the plate and 
the beginning of development than htis elapsed between the first and 
last exposures, because of a phenomenon known *is the Brush eyeclr^ 
Although the existence of this effect has been the subject of much 
controversy, the evidence seems to indicate that something of the sort 
occurs. The effect involves a progressive change in the latent image 
during the time between its production and its development. To 
avoid i^ossiblc errors from this cause, exposures that are to bo com- 
pared should theoretically be allowed equal times to change. It 
would be undesirable^ for example, to expose a [jbite to an unknown 
spectrum one day and to the calibration and standardization ex- 
posures the next morning just before development, not only because of 
possible Brush effect but also because the humidity and temperature 
of the plate may affect its sensitivity to a slight extent. 

13.10. Processing the Spectrogram. Photograjdiic photometry 
requires close control of development. A developer .should be chosen 
which will not stain the emulsion and which will keep chemical fog 
and Eberliard eEPect (§ 7.13) to a minimum. It has been claimcrl that 
Rodinnl produces leas Ebevliard effect than other developers. The 
moat effective method of reducing the Eberliard effect is that sug- 
gested by Clark,^ in which the plate is brushed contiiuiou.siy through- 
out development. The intimate contact of the brush removes the 
developer from the regions where it has been clei>leted and mixes it 
thoroughly. Rocking the trays is insufficient because it does not 
remove the thin adhering layer of developer next to the ciniilHion. 
Variou-s workers’* have described devices for meeliiiiiical agitation 

“ C. P. Rnisli, Phffft. /?ew., 3, 241 (1010), 

■■ W'. Clark. Pf^ot. Jt>itr., GS, 70 (1025). 

\t. H. Bubson, I. O. GrifHlh, and D. Js. ITnrrison, Photogniphic PhofotndTjf 
London: O^for-d Pnivernity Fres», 1020, pnge 121, 
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during development, but tbc brush method is simpler mid. more 
effective. 

To obtain the greatest iiniforimLy over the emulsion surface, 
development should not l>e Linusually rapid, because high speed may 
result in uneven penetration of developer. On the other hand, 
development should not be unduly slow because of tediousness in 
carrying out the development process. Development should be 
allowetl to proceed Fairly well toward completion, or so that it will 
give, with a plate of moderate contrast, a char actei'is tic curve whose 
straight-lhic portion has a slope oF about 45 deg. 

Development should be earned out in the dark in developer of 
carefully controlled temperature and for a time accurately measured 
with a stop clock. After development, the plate should be processed 
as Outlined in § 7.10. 

It is often desirable to reduce the time 


required for processing jdatos when high- 
speed quantitative 8pcctroscoj>ic analysis 
is involved, and many of the proce<lures 
outlined can be simi^lified, I5ii atm an spec- 
troscopic ]>latcs have been pi'oduccd to 
permit development in a much shorter time 


Fig. 13.13, Point of den- 
sity match datermined by 

eye. 


than is required by the ordinary emulsion. 

To test whether a photometric method is satisfactory, a sample 


]>late of the tyjjc to be used may bo exposed in a darkroom to a light 
]>laccd as Far away tis ])ossiblc, so ns to get luuforinity of ilUiininution, 


and then developed and fixetl under tlie .standard conditions chosen. 
Test areas measured on a densitometer will then reven! the uni- 


formity of rcspon.se over the surface of the cmut.sioii. When the 
spectrum being measured, tlie calibration K]jcctrum, and the staiid- 
ai'dizatiou si)cetniin are taken on the .same plate under conditions 
which give uni Form response over the entire plate in. such a test, 
photometric errors should be small. 


13.11. Short-cut Methods of Photographic Photometry. Simple 
metliocLs oF photographic photometry that use the emulsion as a null 
indicator have been develo])ed. It is easy to locate by eye two 


contiguous areas of equal density in two photometric stri])s varying 
ill density in opi>ositc directions, as in Fig. 13.155. Since olhei’ vari- 
ables arc kejit identical in the two exposiires, eijuality of density 
indicates equality of intcii.sity. The inininuun dcMisity at which a 
line fades into the background can also be used as an indicjition of 
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intensity. These methods when carefully controlled can be used to 
give precision to within 5 bo 10 per cent and make possible rapid 
determination of the course of an absorption curve, for example, over 
a long spectral range. Such methods are discii.ssed in Chapter 14 
under Absorjitioii Spec tropho tome tiy. 

By means of optical comparators it is possible to bring into ap- 
parent juxtaposition the lines of two spectra as in Fig. 13,14 (§ 10.13) 

and to adjust one of them until 
I I points of equal density aro 

matched. This method is con- 
siderably superior to that involved 
in determining the cud x^oiiit of a 
line, .since the minim iim observ- 
able density 1ms low seiisilivily 
because of the very low contrast 
of the emulsion at this point in 
(a) (b) the characteristic curve. When 

FIfi. 13.14. Matching of two spectra varying logarithmically 

by means of on optical comparator. in intensity along their Lengths 

In (a) are shown two spectrum lines brought into juxtaposition, 

photographed through a logarithmic T i i ii ■ 

sector. The two rectangles represent compared along IhClT 

two (liflerent fields of view of tlic com- entire lengths, 
pnrator tliat enn be translated liori- 
ssoatally and vertically so that any part 

of line a can be brought into coin- 3:)ENSrrOMTiTIlY 

cidcnce with any part of line 1. In 

(b). / shows the distance through wliicli rpj^e <len,sitv of the silver duiKwil 
line 2 has to be translated to mnicli the . - ' o i i * 

den-sity of line 1, t may bo rend POl'tlon of a pJlotograpllU* 

directly from the comparator. enuilsicn is most readily incnsiii’od 

with a (lejisiloniete^t a phoLomelrLc 
device designed to determine the rethiction in iiitcii.sity of a hciini of 
light when sent through a restricted area of the emulsion. When the 
area is small, as in the case of a spectrum line, the instriiiiicnt may 
be called a micjrQd€7isitoineter ; it is sometimes incorrectly referred to 

a.s a “micro photometer** (General References 13.S-13.5), 

Fundamental features of a densitometer are a source of light tliiii 
provides a beam to measure the plate, i>rovisioii for ciisiiriiig that this 
beam through only that part of the emulsion which hs to be 

measured, and a device to compare the intensity of the beam liglii 
after passing through the exposed emulsion to that of the aaiiie liomn 
passed through an unexposed area of emulsion. IVXost dcnsitoriieLci's 
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utilize thermoelectric or photoelectric devices for nicosuL'cmcnt of the 
beam, though a few less precise insbriiiuciits use eye- match raethoda. 

13.12, Densitometers. Densitometers may be classified as 
direct-reading, in which tlie deflection is a function of tlie density of 
the plate, and null instruinents, which permit matching of an unknown 
density by nn equivalent known density. Direct-reading den- 
sitometers arc of the recording ty|>e, in which the deflection of the 
indicating device is recorded on paper or on a pliotogi'aphic i^lnte or 
film, and the sj)otting or nonrccordiug type, in which deflections are 
read ouly at selected locations, os for example on the flat tops of 
certain spectrum lines. IVtany densitometers are of the projection 
type, in which an area of the emulsion immediately surrounding the 
part being measured can be observed visually immediately before or 
during incasureinciit. 

A densitometer may determine either diffuse or sj>ecular densities. 
In measuring difTii.se density, all the light passing through the emul- 
sion up to a cotisidcrahle angle is includcil in the emergent beam, 
which is then compared to the incident beam. Specular density, on 
the other hand, is detenu] tied by inckiding only that part of the light 
which continues in the dlrec;tion of the original heain. Specailar 
density is thus always greater than diffuse density For a given silver 
deposit. Most 111 icrodensi to meters used hi spct:troscopic work meas- 
ure -speeiilar don.sitics. 

The density of a silver deposit varies considerably with the color 
of the light used to metis lire it. A densitometer that uses blue light, 
for example, will give entirely difTerent density readings for a given 
deposit from one using red light. This effeet itiiikes it necessary to 
keep as constaiiL as possible, during the mciUHLircinen b of a given plate 
or film, the beinporature of the densitoiiLCtcr lain]) filament uiid the 
arrangement of all opt leal parts used. In photometric; work, only 
densities on a given plate are <;omparcd, so that this requirement oITers 
no difRciilly, and changes iiuule between plates are of no conse- 
quence. 

Figure 13.T.'5 shows the optical system of a ty]>u*al microtlciisitome- 
Lcr. Two heatns may be supplied, one with which to inspect the plate 
to aid in locating the exat^t spot to be measured and a second to carry 
out the incasurcnieiit. Often the first beam i.s converted into the 
second at the inonient of measure men t by i user I ion or removal of a 
lens, and sometimes of a filter. Unless <*arc is taken, light scattered 
in the optical system of the densitometer will ]>rodncc errors in 
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read-big.** It is necessary not only to take into account the error in 

reading produced by the scattered light but also that produced by 

variations in the ainouQt of scattered light which result when difTerciit 

parts of the plate are brought into the beam. The effect is to rcthice 
the apparent density of areas surrounded by less dense areas, and ia 

one of the naost common sources of error in densitometry, Every 
densitometer when first set up should be tested for scattered light. 
The best should be repeated whenever optical surfaces may have 
become dusty, by setting ou a very dense line and then seeing if the 
deflect ion cliangcs when most of the light passing through the sur- 
round iiig plate is shielded. 


To golv. 


thermopile 

Fig. 13.15. The optical system of a typical roicrodensltometer. 

This effect is especially serious in instruments having mirrors or 
large numbers of lens components in their optical systciTLs- It is 
possible to reduce the effect by cutting off any viewing beam during 
actual measurement, or in a photoelectric iiistruiiient by using for 
viewing light of a color which, though visible, does not afTcct tlic 
photometer. It can also be minimised by using an extremely narrow 
shutter to simulate a spectrum line of Infinite density and taking n. 
zero rending with this over every area being measured, thus ])crmiLtiitff 
the scattered light to enter the photonic ter while the zero is beiii}; 
taken. 

13. L3. Photoelectric Densitometers. The original photcMdectric 

mlcrodeiisitometer was designed by Kocli.^® His optical design is 
aho\>ni in Pig. 13.16. Light from the N^ernst lamp L (in iiuulern 
irLstruineuts replaced by an automobile headlight lamp) piissiul 
through tlie plate P to be menjsui'cd and wius Focused (iti photo- 
cell Cl. An. electrometer £1 was used to nieasure tlie voltage across 
this cell, this voltage depending not only on the anion iit oF light 

]>tissing through the plate but also on that Falling on cells aii<l f 

■ 

« K. Sc:ljwarzschild niicl IV. N'ilUgcr, Atttrojikyn. Jour., 23, (JOOO). 

SI*. E*. .“Iwir. <■/. Phfftiik, 39, 703 (IDK). 
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whicih were connected ao os to Form a variable coinpenaating leak 
acro.aa Ci. Two cells were used in parallel so tliat tlic electrometer 
could work on either side of ground potential. A. projection system 
was used to throw an image of the electrometer tlu'cad on a recording 
plate. 

The ICoch microdensi tome ter as improved by Gooa^’^ was manu- 
factured commercially for many years by Krllss of Hamburg. A 
projection system for viewing the plate dm‘ing measurement wtis 
added, and to eliminate errors due to scattered light a red filter was 
put in the viewing beam and a photocell insensitive to red light was 
used. This recording instrument, in which various ratios of record 



Fig. 13.16. The optical and electrical arrangement of the original photoelectric 

microdenaltometer of Koch (1012). 

motion to plate motion were provided, was in effect a recording 
comparator. 

In recent years photronic and other barrier -layer photocells have 
come into wide use in raicr<jdenHitoint5ters, since they require no 
batteries and can be connected directly to a galvancjinetcr, Tlic 
Ililgor dciisi lometcr shown in Fig. 13.17 uses such a cell. When 
barrier-layer celts are used, it is important to pub n suitable resistance 
in series or in parallel with them so that the galvanometer will be 
made approximately dead-beat when the cell is exposed to light cor- 
rcspoiuliiig to a medium-density reading. It is desirable to choose 
cells of a type showing low fatigue effects and to reinc’?nil.)er that 
photoconducting cells give Linear current vs. light flux for low load 
resistance. 

'^rhe aclviiUbagcs of photoelectrie densitometers arc high sensitivity, 
which permits use of short-period galvHUoiuelers; Precdoni from 
thermal disturbances; limited spectral sensitivity, so lliaL few errors 

K. (liuiM. Zt‘iinrhr. f. 41, MIS (lO^l)t ZnVrffAj*.. 22, -KIS (in's!!); I?', (tocis 

nii<l P, I’. Koeli. Zt'itHcftr. f. 44, H.W (MH?). 
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are introduced if the focusing lenses are not completely nchromnlic; 
and output tliat can. readily be fed into amplifiers. The char- 
acteristics of photoelectric photometers have been discussed in 
Chapter 1%, 

The photoelectric cell responds more quickly than any tliormo- 
clectric device yet developed; and since ordinarily it has a higher 
output impedance, its response can be amplified more effectively* It 



Fig. 13,17* The Hllger microdensitometer, Model H451 with H534 reader unit 

attached. (Courtesy Jarrell- Ash Coinpuny, Huston. } 


can be used os a sensitive null indicator. In this form it provides the 
basis for the most accurate type of densitomcLcr yet devi.sctU since 
almost every factor producing iiTegulnritics can be balanced out- 
Tavo beams of light may be used, one passing through the plate to he 
incasui'cd and the other through a comparison wedge of graded 
density, AA'hich should be as similar as possible to the plate and hence 
may well be made of an exposed piiotographie emulsion. A single 
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beam can also be used, made to pass alternately through the plate to 
he measured and the wedge. 

In a well “designed densitometer every variable should be kept as 
constant os ])ossiblc. Por example, the same photoecll should he used 
to measure both beams, if possible. Although two colls may be 
balanced at one light intensity, they arc likely to get out of balance 
at other intensity levels. If great care i.s taken to match tlieni in this 
respect, it will usually be found that the sensitivity of one will change 
with time more tlmii that of the other. Cells are likely to vary in 
sensitivity over dilferent portions of their sensiti^^c surfaces and to 
have different wtiveJength responses, .so that if the color of one inens- 
iiring beam changes, tlioy will be thrown out of balance. An ideal 
photometer of this sort would be one in which a single light source, 
light i)eani, and lucasuriiig device were used, the plate to be measui'crJ 
and a similar plate whose clciisity charsu^teristic's were known being 
put alternately into the beam. Such a design has the advantage that 
the precision would be about the .same for high as for low densities, 
readings being rciJroduc?ible to 0.2 per cent or imbter. 

A photomultiplier f:ell has been used in the in it rro densitometer that 
is n part of the automatic comparator designed by Harrison (§ 0.11b 
in which ten inerhes of plate <;an lie scianned per minute, the opacity 
curve being ])hotographed on motion-picture film. 'Phe photo- 
multiplier tube is to be consklered as being a phototube phus a very 
simple and convenient form of amplifier. 

13.14. Thermoelectric Dexisltometers. T hern loelcc trie devices of 
the sort discnisscd in Chapter 12 lend bhomselvas to use in siiii]>1c! 
ami nigged tlcnsi to meters. They arc more suited to luse in direct 
defleclirm than in mill iiislru incuts, On account of the low ini- 


pwlancc of most thennocle<*Lric <levices, their output currents 
are diflicnilt bo amplify eiccrtrically and arc orcliiiiirily fed to low- 
inipedamrc* galvanometers, though the so-called G— M ain]>lifier 
(§ 12.10) lias been highly siK't^essful. The ]jrototype of llierino- 
ole<‘lri(^ clcnsitonielers is that of Moll,'** which has for nniiiy years 
been iiianiifact nred i'oninier<*ially by Kipp and Zoiien in l^elfL. ft 
was in Llie early yc'^ars clieaper and simpler than its photoelectric 
conipet iloi's, though ii«>l so rtijnd in ac'Lioti. 

The ailvaiilages of using simple Lhei'rnoc'ouple-gjilvationietcr com- 
bi iia I ions have been ofl'sel to a coiisiflerable ex ten I in recent years by 


*** AN'. II. J. M(jI|. /Vf*r. /V|//.v. Stir, (r.r»iuloil), 33, 4U7 rjDiJ). 
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more 


tlie introduction of the photronic cell, which is aji equally simple and 

sensitive photometric device and is, moreover, free from thernm' 
disturbances. Thermoelectric photometers miist be very carefully 
shielded from air currents if they are to be kept free of drift. Ihey 
are sensitive to all wavelengths and so must be .sliicUlcd from stray 
light and heat rays. Focusing lenses used with them nuist be care- 
fully achromatized, since most of the light received from an inciui- 
descent lamp lies in the near infrared region. Neglect of this fact 
may greatly reduce the resolving jjower of a microdciisi to meter where 
an image of the slit is thrown on the plate by an incompletely achro- 
matized lens. 

Densitometers have been constructed using the Doys rndiomicro- 
meter and the Nichols radiometer, and various types of thermocouples* 
bolometers, and thermopiles. These densitometers, though formerly 
the simplest to use, are in general giving way to the newer types oi 
photocells for densitometric purposes. 

13.15. Operation of the Densitometer. Although the operator of 
a densitometer may feel that he need make only one inciusureineiit for 
eacli spot measured on the photographic emulsion, actually cneh 
determination of the density d involves measuring four quantities. 



where 7o is the incident light being used tq measure the jjlatc, / is 
that transmitted by the portion of the ]>Uite being mcasurc<l, and 
Cr, G', and Go are the readings of the galvanometer coTTosponding to 
intensities 7o, /, and no light, res]^ectivcly. It can not always he taken 
for granted that Go will remain constant from one reading to the next. 
The difference in deflection 0 — Gq, called the clear reading, should 
be taken through a developed but unex]>osed portion of the ])latc 
having any fog and stray light exiiosures on it that may he present ill 
the spectrum but having no exposui’e to the spccdral radiation being 
measured. G — Go is also sometimes called the “100 reading,” siiu^c 
it is convenient to adjust the intensity of the dctisi tome Lei* heain so 
that the galvanometer scale reading is exactly 100 for a clear portion 
op the plate near the exposed portion to be measured. The d i If crciuHi 
^ deflection on the exposed line. In n. good deii-sitomctcr 

the light source remains constant and the dctcct<ir doe.s not drift, so 
that the 100 reading and the zero I'eading remiiiii constant. To 
jiLstifj these two assiirnptions, it is necessary to use a vei'y constant 
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light source^ operated from a stornge battery, a stabilized trntisfonncr, 
or an electronic voltage regulator, and to use a recorder nud ani])lirici' 
system with little drift. 

0 dc})CJids not ojily on tlie brigbtnesH of the densitometer beam 
but also oil the transmission of the unexposed portion of the ])labc, 
which is likely to vary considerably over the plate surface. In con- 
sequence, one of the ]irincipal problems in ijliotogmphic photonu'try 
is to determine wlici'e to measure the clear plate readings G. .lU\st 
results arc obluincd when chemical and othei* controllable fog is kept 
to a inininium so that the plate surface is ns uni Form as ])ossililc in 
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Fig, 13.18. Tho Dalrtl Associates’ iiojirocording densitometer. 


tnuisiiiission. Neglect of this faertor is iirobnhly resp<}nsihle for more 


of the errors oF |>hoU9gi'a])liie pliotonielry llimi any nl her cause. 

IF '/.(M'o drift is low, llie niiinher of delcniiinal ions of (fu cun be kept 
.siTiall, When (}» and G are kept cons hit it, G* is the only < pin n Lily 
I lull iiee<] spei'IHcrtilly l)0 deUn'iniiied for points on tlie jilale wliicli are 
to he ineiisiire<l, and it is Llie coiiliiiiions cairve of G* values wliicli 
is given liy it recording inicrodtniHitoineler, 

Some operators prefer to use mllier than deiisily as tin 

iiiciicalor of plate response. lihK'keniiig is Lbc difl'ereikce lie tween llur 
cletir plitle n'lidirig aiicj Mie line r<;in)iiig, or G — (i\ when tlie eleiir 
iiliile reading is std id 100, and Gu is zeni. 
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13.16. Recording Densitometers. The recording devices dis- 
cussed in Chapter IS can be used for densitometry. Ordinarily n 
record is useful only when line contours or some similar features are 
to be measured. For routine work in quantitative spec troc hemic ftl 
analysis or for making intensity measurements on spectrum lines, it is 
usually more convenient to make spot measurements than to sj^end 
the time required for taking a complete record and then selecting from 
each record the lines to be measured. 



Fig. 13.10. The Leeds and Northrup recording mlcrodensitometer. 

In densitometers of the older type, the galvanometer <lo (lectio ns 
were recorded by a light beam on photographic paper. This |)a|>cr 
was wrapped on a drum which was driven by clockwork or, iti later 
models, by synchronous motors provided with reduction gears. In 
some of the higher-priced commercial instruinciiLs, which arc now 
less in fashion than formerly, complicated gear arrangements were 
provided to move a tong photogra])hic plate on whk?h the opacity 
curve was recorded. Thi.s recording method is of importance only 
when the comparator features are nece-ssary so that intensities «iid 
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distances along the plate can be exactly dcbennined simultnneoiisly. 
Modern practice tends iiioto in the direction of rapid records on 
paper, as in the Leeds and Northrujj densitometer shown in Fig. 13.10, 

13.17. Precision of Densitometers. The precision available in 
well-designed densitometers is usually greater than that required for 
photographic photometry. Instrumental errors can readily l>e kept 
below 0.5 per cent for the direct-reading type and below O.S per cent 
for the null ty] 7 C. Failure to reproduce readings to this precision is 
usually caused by the dirBculty of repeat setting on the same portion 
of the plate. An advantage of the recording method Is that no 
uncertainty is introduced os to whether the exact peak of a narrow line 
is act upon. To obviate this uncertainty, many s|)otting iii.striimeiita 
arc provided with a transverse screw motion that can l>c quickly 
locked in when tlie line is nearly in po.sition. The line is then slowly 
moved a(!ros.s the inoasuriiig light beam and the minimum deflection 
of the galvanometer is read. 

The Zeiss firm at one time inaiiufactiircd a spotting micu'ophoto- 
inetcr in which a given spectrum line would appear iu ]>ositton at the 
slit when the pi'opcr key was pressed. Thus when the same four or 
five lines were to be measured in a number of difFcrent si>eetra on 
the HiLiiie plate, it was easy to set on one line after another, then to 
rack up the next spcctriini and measure the siiinc lines. The Applied 
Iti^seanrh Laboratories luaiiufactiii'e a projection in-strumenb with a 
similar feature, shown in [i'ig. 13.30, This uses a contact slit. 

WIicTi very short ami narrow slits are used in the deiisitometcr, 
variations in dencetion may he encountered due to graiiiincss of the 
emulsion. These effects can be reduced by lengthen iiig the .slit, 
providing an oscillating motion of the ]>litLc parallel to the spccLruni 
line, using an astigmalic ojiLicrti! syslciii, or by various otlicr means. 

13.18. Special Computing Densitometers. Sinc;c it sonictijncs 

lakes longer to deLennine with the aid of calibration curves the 
intensity of the light wliieli has fallen on a phile than to measure the 
plate with a densitometer, it is desirable to liuvc this translating done 
autoinalicrally. Wouda^" has described an iiistruiiient for the rnj>id 
rc(.]iu;tioii of data from a calibration <airve. 'i'lie image of a long 
straighl-filameiit lamp is moved ucro.s.s a plot of the calibration cnirve 
by the dcflccrtioii of Iht; gal vuiuinieter tiilrror of the dcnsiLciineLcr. Ily 
iidjusl iiicnl of Llie size of llio p]f>i or the optics of the projection 
system, line iiitensilics enn be read off directly from the intersection 


‘"J, WdiHlii, 70, .511 (liHW), 
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of the Rl ament image and this curve. However, the calibration 
curve for each portion of the plate must be determined by the opera- 
tor and set into the machine; and since from 2 to SO calibration 
curves may be required for reduction of a single plate, the region 
which can be reduced from a single curve la likely to be limited. 



Fig. 13.20. The Applied Research Laboratories’ projection mlcrodensltometer. 

A similar automatic device is that of Thomp.son,'^^ which sends a 
long 1 ine of light from the galvanometer mirror of the tlensi tome ter 
through a slit ent to the pis^de ter mined shape of the calibration curve 
for a portion of the plate. That section of this line whicli i.s trans- 
mitted through the slit lies in a position that indicates the Liitcu.sity 
of the line directly. This method suffers From the same limilations 


N^. Thoinpf^nn, Proe, Pkf/st, Soc. (London), 45, 4-H (lOSS); see iilso O. O. 
sLrotli And I). It. McRae, Jour. Opt. Soc. A.ni., 28, 440 (1088), 









CHAPTER 14 


Absorption Spectrophotometry 


Absoaption BpjfficTttoPHOTOMETRY IS THJB TisciiNioais of determin- 
ing the relationship between the wavelength, or frequency, of rucliatioii 
and its attenuation by absorption upon passage through a particu- 
lar medium. The following discussion will be limited to absorption 
spectrophotometry in the region From approximately 2000 to 
10,000 A. These wavelengths correspond to the nominal limits 
within which measurements can be made satisfactorily with usual 
equipment for the visible and ultraviolet. Spectropho tome trie 
measurements at wavelengths longer than about 10,000 A (in the 
infrared) and shorter than about 2000 A (in the vacuum ultraviolet) 

require special techniques that are discussed respectively in Chapters 
17 and 10. 

Sjiectrophotometry in the range 2000 to 10,000 A is normally ap- 
plied to the study of substances in the solid or liquid state or in 
solution. The observable absorption may be continuous and fairly 
uniform throughout the region in question, in which case it is called 
general absorption^ or it may exhibit one or more broad maxima and 
minima, in which case it is called selective ohsoTpiion. 

The techniques to be described have wide application in organic 
chemistry in the characterization of compounds, in the control of 
isolation and purification procedures, in the de term illation of molecu- 
lar structure^ and in qualitative and quantitative analysis. Other 
applications include the determination of the transmission charac- 
teristics of dyestuffs and filters, the study of cytocliemical anil 

liistochemicnl problems by microspectrophotoinetry, and the iiivc.s- 
tigation of photochemical reactions. 

LAWS OF ABSORPTION AND THEIR APPLICATION 

TO ABSORPTION SPECTROPHOTOMETRY 

14.1, Lambert’s Law* The simplest case of absorption is that in 
which a parallel beam of monochromatic radiation passes recLilinearly 
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through a lioinogenoiis iibsorbiiig incdiLim. Under such circum- 
stances, the intensity of the radiation is reduced by the same fnictioiial 
amount in equal succeeding portions of its path. Thus, if the inten- 
sity is reduced by half in the first centimeter, it will be reduced by half 
again in the second centimeter (that is, to one-fourth of the original 
intensity), and so on. The medium may be considered to be made 
up of layers of infinitcsimiil thickness, dl, perpendicular to the path 
of the radiation. Let / represent the intensity at any point of the 
path, and a the fraction by wliich absorption reduces the intensity in 
unit length of path.* Then 


d[ 

dl 


olI 


(14.1) 


The constant ct is known as the ahsotplian coejficienl. It is charac- 
tcristic of the absorbing medium and is a function of the wiLvcloiigth 
of the radiation. 

When lilq. (14.1) is intcgi‘atc<l between the thickness limits 0 and 
an expression known as Lambert's law results. It gives the ratio, 
/o/fx, of intensity of rndiatioii ])cForc, to that after, passing Lli rough 
the thickness ;r : 


log* 


b 
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aa;. 


or 




lilC 




Using base 10 iii.slead of base p, Etis. (14.2) become, rcspccLivel v, 


log 10 


/o 

■ 1 

fx 




or 




/.I 10 


ICx 


(14 3 
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where K 


0.4fi tS'tr anrl ct 


2.303/?. The constant TC is known as 


the GXiindiofi cAiO^vienl;^ 1//? is the tliickno.ss of absorbing layer 
necessary to rcdiiec /* to (I ''10)/(|. 

Only ill the rare case of a nciilrid iibsorliing substance, whicli 
exliiliits the same absrirbing power Ihroiiglnjut the ent ire wavcleiiglh 
region under eniisidc^ritlion, arc tv and K iiiflcpcMicleiiL of waveleiiglli. 


* 'I'lit^rc is vnriiiLioEi in liin 1(*lli*r syiiihols iiscfl 1>y variim.H iiulliors (f> 

(Kfci^nalc cjunul.iLifvs of inl.ontsL in nhsiirptioii s|jonlrosni|),v. iiinl I lie syitil>tilN iiseiE lierc 
sliniiltl, LliertrFtire, not l.>e I’efirt'seniiiif; ii iiniversiilly nLiiniiiinl 

Jiomcneliit lire. Insiirjit' ns |)r(U'ii(*iil»k>. I lie syinlmls have been rlmst^n Iti ourr*;- 

spniifl willi Uiesf! eMi]>1o,vncl widely in tlie liLernl lire, inelndiiifi >t4''ieiit ifle iMifinrA in 
(•cfiiuin and l**rt*iic'li as well as in ICrijflisli. ^VJ|e 1 ‘e cronfusinii mif^lit arise rrtiiii iJie use 
of oiKt syinliii] for two ililFerenL «|i|ji]tl.il ii^s, a separale l(*Mc*r syitiliii] liiis heoii used 
for ea<*li 4[Uaiility. 

* II. IbinstMi anrl II. K. U >h(v>o, /VV'/- .I'oi. Phtfuik, 101, (IH.^7). 
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Iri all otlier instances, the preceding expressions are valid only for 
strictly monochromatic rndintion. Apparent deviations from Tjtnn- 
bert's law mn-yj therefore, occur in practical ineasLU’cmcnta if the 
radiation employed is insuMciently monochromatic. Other causes 
of apparent deviation from Liimbert^s law are geometric factors, such 
ns obliquity or lack of parallelism of the beam of I’adiatioii* which 
may introduce errors in the assumed path length .t; lack of homo- 
geneity in the absorbing medium ; and losses by reflection from sur- 
faces in the path of the beam of radiation. 

14 . 2 . Beer’s Law. If the absorbing medium is a substance in 
solution, the attenuation of radiation on traversing a given path 
length depends on the concentration of the solution. Under suitable 
conditionSj the absorption by dissolved substances is closely propor- 
tional to the number of molecules of solute per unit volume of solu- 
tion, whence 




and 



( 14 . 3 ) 


where a and it are, respectively, the absorption and extinction 
coefficients as previously deflned, c is the concentration of the uhsorb- 
iiig substance, expressed in suitable units, and fi and k arc, rcsjJccti^'cly 
the absorption and extinction coefficients per unit of concentration. 
The above expressions are known as licer*^ Law.^ 

Beer's law is based on the assumption that the specific aissoi'ptioii 
per mohscule of the absorbing substance does not vary \Yitli Iho 
concentration of the substance in solution. This condition is often 


satisfied within the limits of experimental error (i>tirticularly for 
highly dilute solutions), but it is by no means universally api>licublc. 
Changes in concentration may lead to changes in the nature of the 
molecular species in solution. Such changes incliitle, on the one 
hand, polymer formation and the formation of other kinds of moLccii- 
lar associations (including complexes with the solvent), and, on the 
other hand, dissociation. If such changes take place ami if the 
specific molecular absorption is influenced thei*el>y, fx and h become 
functions of c Instead of constants, and apparent deviations fmin 
Beer’s law are observed. 

Lambert^s and Beer's la^vs may be combined in single cxprcs.sion.s. 


® A, 13ecr, Poja. Ann. Phj/Jtikt 86, 78 (185)2). 
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for tlio iittoniKitioii of the* inonoclironiiilic radiation tiuit traverses a 
solution of absorbing iiiiLleriiil, tbns: 



f>r /, = 
or It — /iilO 


(U.O) 

(14.7) 


If the concentration c in the Lam her t- Beer e(|uatioJis is expressed in 
gram-inoleciilar weights per liter (moles), the corresponding co- 
efficients of specific absorption may he represented by E and e; the 
latter is known as the molecular exlinclion cocfflGienl. 

14.3. Variables Measured in Absorption Spectrophotometry. 

Spcclrophotoiiietric incaSLireinciits of the absorbing characteristics of 
substii]i<!cs lead to the evaluation, at one or more wavelengths, of 
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the opdvity (), when* 
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0 = 

(14.10) 

or 1 he opiivftl demtUy 1^, 

where 

1 



D = 

(14.11) 


Such eviduatioii iiiiiy he accromplishcd ciLlier by direct detomiinatioii 
of the ratios ' Iw or logit» (/^^ /x) or by separate dc term i nations oC 
the two light iiiLc‘iisities or the logarillinis thereof. 

To delerinine llu* atteiuiaLicm of Iho rtidijilioii that lriLV'crse.s a 
met limn, a siiilai)]e spccinuMi is jilaced in Llie jialli of the mdiatioii. 
If the subslaiice is a solid, the specimen may Ik* a slab or L)|o<rk of 
material with polisluul, plaiie-partLlk*l fac'cs, so placed tliiit a pa nil Id 
hcain oP the radiatifiii eiiLer.s and leaves tlie specimen jierpcMidiciiliirly 
to the facies. If the .substance is a licpiid or is in .sol ti lion, it 111113' I**' 
eonlaiiied in a cell with iiolishcd^ plane-parallel end phitc.s tliat an* 
siibstani iall3' Iransparejit lo radiation in I he region fif interest. 'Flic 
cell and ils crontenls ma.v then be plneed in l.lx'! path of the rndinlinri 
in the same manner as a solid S]ic(*inien. 
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14.4. Eliminatloa of Effects Due to Reflections and Absorption by 
Cell Windows and by Solvents. In order for the foregoing equations 
to be applicable to absorbing specimens, /o must be the intensity of 
radiation that enters the absorbing medium and Ix the intensity 
incident upon the exit face, /o is not usually the same as the inten- 
sity I incident on the entrance face of a solid specimen or cell* nor 
is /. tlie same os the intensity i of radiation leaving the exit facCi 
since tlic intensity ia reduced at nil faces by reflection whenever 
changes in refractive index occur at these points. The intensity may 
be reduced further by absorption in the cell windows in the case of 
a cell containing a liquid or solution. In absorption spectrophotom- 
etry, I and i are the intensities that are remlily mens lira ble. One is 
confronted, therefore, with the problem of how to determine Iq inul 

(or I a/ I k) from measurements of / and i (or //'O* 

In the case of solids, lojlx may be determined by measuring ii and 
ta for two specimens of unequal lengths Xi ami a.*«. If a-'i is greater 
than Xs, ia/ii is equivalent to I a/ lx* where corresponds to the 
difference in path length aji — ajjs, provided that tlie entrance faces 
and the exit faces of the two specimens reflect the same fractious y 
and d of the radiation incident upon them. 


I’a _ “*■ 




( 14 . la) 


The same method may be employed for absorbing liquuls. Tlie 
intensities ti and ts of the transmitted radiation are detenu ineil with 
cells of different lengths xi and X2 but otherwise Identical. The ratio 
ii/ij is then equivalent to /o//*** where x* = Xi — x^- 

With substances in solution, it is also essential to eliminate effects 
due to absorption by the solvent. If the method outlined for liquids 
is emploj^ed, the resultant measurement of ta/t'i yields a value of 

representing the attenuation of intensity by both .solute and 
solvent in a path length x\ To eliminate absorption by the solvent, 
it is customary to employ two cells that are identical in every respect, 
including length, one containing the solution and the other the 
solvent. If the solvent has the same absorbing effect in the presence 
or absence of the solute and if the reflection coefficients at the cell 
faces are the same in both instances, the ratio lo/Ix ca>i be mca.surec! 
directly. The first condition holds except for instances in wbich 
interaction between solute and solvent Tnoclifios the absorbing charac- 
teristics of both. The second condition is not true insofar as the 
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inner faces of the cells are concern ei I when the index of rcfractLoii of 
the solution is different from that of the solvent. Ilowever, the 
reflection error iiitrofluced by differences in refractive index iit the 
inner faces is not usuiiUy its great ns other oxperiiiicntul errors aud 
is comnionly neglected. 

Additional sources of error in the deter mi nation of /o/Zc may arise 
from fluorescent radiation emit ted by the nhsorbing niedium, scatter- 
ing of radiation by siispciulcd ]>articlcs in a litiuid iiiccHuin, multiple 
re/lectioJis between the faces of a .solUl si)ec:iiiien or a cell, anil reflec- 
tions from the sidewalls of n cell or the sides of a sol hi s])ccinicti when 
the hen 111 of rti<liaiit energy i.s not strictly parallel. The conditions of 
measurement should be so chosen as to reduce such effeets to a 
minim iim. 


14.5. Presentation of Data. All .speebro photonic trie <hita are cx- 

pi‘essc<l ill terms of two variables wliieli it is cum ven lent to call the 
77 iteititilf/ variable and the W€ivelent/ih variable. The* intensity variable 
iiidicntes, directly or indirectly, the* power of the ah.sorliing .substance 
to aLLeiiiiato radiation at a jjarticular wiivi'lengl-Ii. It iimy be ex- 
pressed ns Irtiusmi.ssivity, per cent traiisinlssioii, opacity, alisorption 
coeflicieiit, extinc?tiou coeHiciieiit, and so on, us thc.se terin.s have been 
defined jirevioiisly. The wnvelcnigth puranielei* d«‘signates the wave- 
length, or frecpKniey, of radiation to which a pari ieiiliir a. tten nation 
factor applies. It may be expres.sed a^s waveienglli in fLng.stroinH or 
millimicrons, as fn‘<|neiic*y in oscillations [jer stvumd. or as wave 
nuniher in cni“^. '^I'he eiioiee of tlie most appropriate terms in wliieli 
to ex]>ress these two variable.s de^pends on tlu* application to be made 


of the da la. 

In the case of oplieal filters, the infornintioii usual ly tiesired is the 
fraction of the iiieideiiL inten.sity I I'aiisniitted a I viirioiis wavelengths 
by a filler of definite lliickiicvss and (Tornposil ion. inlunsity 

variable may therefore be e.xpi'c.ssed in transjiiis.sivil.y or jicr cent 
traiisinission. 

In the u.se of .sjk'cI ropliotoiiic‘| ri(; data to elinraetcrixe chemical 
coni])ounds, it is dc'sirafile. for juirposes of eoiiifiarisoii, to expi'es.4 the 
intensity varialiTe in terms llial are iiMi<'|K’i]d<'ril of (he .specific con- 
ditions of in<‘asiireiii(‘ril (siirfi as lertglli of oplii'iil priUi or con eu'iit ra- 
tion c of a solution). Kor sciluls or [irfiii<[s, tin* intensity variable is 
thc'i’cfoi'o eon veiiieiil ly expressiul in t<*riiis of tin* absorption coe ffi- 
cient rt or e.\tin(‘liori c'oelfieit'til AT. I'\jr snliilioiis, tfu? cuirmspoiul- 
jng spreilie ab.s<ir|itK>ii and <*xliiiel‘joii (uieilleieiils g and A- jier unit 
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conc6n'tr£itioti nitiy be employed. Molecular extinction coefficients 
are convenient for comparing tJie absorption of solutions on tlie basis 
of molecular concentration or for computing the alxsorption of (t 
complex molecule in terms of its constituent chemical groiii^s. Occa- 
sionally, the logarithm of the extinction coefficient or of the molcculni^ 
extinction coefficient is employed in order to permit pi'csentatioii of 
curves with widely different values on ft .single griix>h sheet or jDresciitfi- 
tion of curves having specific shapes cliaract eristic of the sulMtniices 
regardless of the units of concentration and path length eiin>loyotl. 
The wavelength variable for chemical compounds is usually expressed 
in angstroms or millimicrons. I?requency or wRve-mimber units 
have some advantages for theoretical studies but are less generally 
used. 

Table 14.1 summarizes the various expressions employed for the 
intensity variable in absorption spectrophotometry. 


SELECT'ION OP APPARATUS FOR ABSORPTION 

SPECTROPHOTOMETRY 


14.6. Choice of Source of Radiation, l*’or absorption spectro- 
photometry in the visible region, incaiidcsceiit lamps are gctiei'iilly 
used. An ordinary GO to 100 watt lamp with fliislied opal l>iill> 
placed close to the slit of the dispersing system will give siiincieiil 
intensity for the direct qualitative observation of spectra (without a 
photometer) and has the advantage of giving uniform .slit ilhimiimlioii 
without the necessity of critical alignment. Where gi’eater intcnsilip.s 
are required for quantitative observations, a lamp with clear bulb may 
be employed in conjunction with a condeiisiug len.s for foTiniiig lui 
image of the filament on the slit. The shape, size, and bi'ightness of 
the filament should be such that the working portion of tlic slit can he 
filled with uniform radiation of sufficient intensity for coiivciiienl 
observation. The image of a ribbon filament most closed y ap]»i'oxi' 
mates the geometry of the usual slit, but coiicoiitrated eoil /iluiueiilA 
of the tj^pe used in projection lamps give .sufficiently good images for 
many purposes. Ribbon-filament lamias are iLsed in lien of .slit-s in 
the coll ini ating systems of certain simple ]>hotoelectric spetaro- 
photometers. Suitable .sources for use with polarizing and other 


types of photometers for the visible region are (Ie.scril>{Ml in Chapter H. 

For abbreviated absorption spectrophotometry in the vi.sihle region, 
using filters instead of n dispersing system, mercury iirc.s have the 
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advantage of providing several widely spaced emission Vincs> per- 
mitting isolation of more nearly monochromatic radiation tluiii is 
possible by tlie use of filters with continiioiis sources. This ailvniiliige 
is, however, somewhat offset by the resulting restriction to a limited 
nunil>er of waveleiigtlis ; hence incn-ndesccnt sources are or(lin4irily 
employed. There is usually no slit or stop in such a system to ucl 
as a secondary source. Therefore, if the optical system is to jjrovide 
a nearly parallel beam of radiation, a lamp with concciitrate<l filninciil 
or emitter, such as a projection lamp, an autonnobile headlight liuiiji, 
or a Western Union concentrated arc, must be used. 

Por pJiotograpliic absorption spectrophotometry in the ultraviolet 
region, a condensed spark between tungsten -.steel electrodes is eoai- 
veiiient and often adequate. The spectrum of this source is ricli in 
strong lines, but there are troublesome gaps (for example, at ahoiiL 
S6/>0 A), and the intensity falls off abruptly below about @350 A, 
Aluminum electrodes give several strong groups of lines in the region 
below SOOO A, in which tungsten is particularly deficient. They iiuiy 
be used ns a supplementary source when it is desired to Tncasurt* 
absorption in this region. Uranium electrodes give a sjjech’uin very 
rich in lines of almost uniform intensity iind have been recoin mended 
as a substitute for continuous sources. They are costly, however, 
and their spectrum is quite weak below 9@00 A. With suitably t!()rc<l 
carbons, such as National Carbon Co. 6 mm C, carbon arc.s can be 
used satisfactorily as a substitute for the condensed tungsten spark. 
They niay require somewhat more frequent adjustment than sparks, 
even when provided with automatic feeding mechanisms, aiul they 
do not approximate point sources so closely. 

Continuous sources have a definite adviintage in ultriivifdt'l 
spectrophotometry when it is desired to study the ii]ic.st dcdails of 
complex absorption spectra. Of such sources, tJic iinclerwatci* Hjiark 
i.s adequate, but hydrogen discharge tubes in quartz are more con- 
venient and more readily available. Both of these sources permit 
observation to the short-wave limit of transinis.sion of usual ultra- 
violet spectropho to metric equipment. The General Electric type 
ri-4 high-pressure mercury arc with outer glass envelope rcinovcil 
yields a spectrum with a strong continuous backgrouncl, in a<lclitioii 
to the mercury lines, down to about 2100 A.* 


* S<>me Iniiipii of this typo will not opernte siiti.srncLcirily witlioiit tlic oulcr 
envelope unless they are pliicecf in an enclosure that will ninintiiiti Lhciii nt n 
parutiv'ely high op cm ting temperature. 


^lu.H s 

(•mil- 
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For photoelectric alisorption spectrophotometry, it is usually 
essential that the radiant output of the source be free from fluctua- 
tions. It is also desirable that the spectrum of the source be con- 
tinuous, since the ^sresciice of strong emission lines may cause such 
characteristics as noiiiiiiiforiTi wavelength response of the photocell, 
scattered radiation, and limited resolving power of tlic disjicrsing 
system, to result in appreciable errors in the measurements. The 
usual choices iii'e, therefore, incandescent lamps for the visible region 
and well-regulated hydrogen discharge tubes in quartz for the 
ultraviolet. 

For a more detailed dtsciission of sources. Chapter 8 should be 

consulted. 

14.7. Choice of Absorption Cells. The geiiorni characteristics to 
be considered in the choice of absorption cells Tor the spectrophotom- 
etry of liqiii<ls or solutions are as follows ; Lransniission characteristics 
of cell windows, jmth I c ill'll i thro ugh ahxsorltiiig ine<liuni {ituHide cell 
lengUi)^ precision and iiiiifonnity of inside cell Icngtii, flatness and 
parallcMsin of window faca^s, ])erpeiidic:iilaT'[ly of faces to the path 
of radiation, and etui veil ie nee in niiLiii]>nh) tion. 

Glas.s wiiitiows are siifricieiitly traiis])arenl for use in the region 
10,000 to 0400 A. Helow about ,‘M()0 A, cfuartz, fluorite, or lithium 
fluoride must be used. Fused ({iiarlK is tlie usual window nuiteriiil 
for cells for iillraviolel spcclroplioLoiiiel ry. If it i.s desired to eliini- 
iinLe efl'ectw due to flnorcHceiiiie of the windows and to obtain the 
greatest possible Ininspa i*i‘iic*y below iiiiOO A, tTystal ciuarlz* is 
somewhat belter. 

44)0 in.side c^ell leiiglh slionhl iisiiiilly be chosen sr> Lluit it is po.s.sil>le 
to oltLiiin a detisily, login (/ti ' I r)* <d‘ nln>iil 0.4 Lo 0.i'> for plioloeleetric 
spe(;trof>hotomel ry luifl of about 1.,^ to i^.O for pliolographic .spe<;tro- 
plioloiiiel ry, at the absorption iniiximii rc»r whicli precise data arc 
recpiired. 'Pile pr>ssibilily of diluting the nfisorbing material so as 
to eliange its density per unit palh length witEiiii wide limits ii.sually 
permits <‘orisidei‘able lal.itiide in elmiee of cell length. For gtaieral 
use, lliereFore, it .snfn<?es to have available c^ell.s op ii few coiivenieiiL 
inside piith lengths, .say I, and 4 t-m. For some samples, sliortCL* 
nr longer path lengths may fa* recpiired. 

'File ]jre<'ision and iiiiirormily of Hie inside cell length slioiihl bi: 
sucli I hat tiu' (iver-all errors of the i nea.su rtmieiiLs are not inereiisecl 

■ ■ ■ I M 

( 'r,vshil-<|iliir| / wiri(lr>w.'i iniiHt he <‘iiL per[H*ii<lieiiljir In the npl ie iixis t.n iivoid 
eir^rt-s eiiiiseri liy cimihle refi‘iii‘(.iiin . 
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appreciably by path -length errors. Cells are available com me rein 1 1 J' 
in which the inside-length tolerance is kept below =b0.15 pot* cciil 
of tlie total path, corre.spoiiding to a maximum density error OP 
about =b0.0D23 at a density of 1.5 or of about ±0.00075 at n, density 
of 0.5. 

The cell-window faces should be flat to within a few wavelengths, 
at most, of tJie radiation used, and all faces should be parallel to 
within a few minutes of arc. 

The dimensions of cells perpendicular to the path of the racliation 
should be sufficient to ensure that radiation will not strike the cell 
walls and be reflected from them. This condition liaviiig been ful- 
fllledj it is desirable to keep these dimensions to a minimum in order 

that minimum volumes of material will be required. 

For convenience in manipulation, cells with removable wiiwlowa 
have the advantage of being easy to clean. Certain designs iimy 



Fig. 14 . 1 . Typical types of cells for visible and ultraviolet absorption 

spectrophotometry. 


have disadvantages, such as variation in path length upon reassembly, 
leakage, and contamination of cell contents b.y absorbing siihstnnccs 
from tlie gasketa. AVlien gaskets are used, troublesome coiitiimuifl- 
tion can often be avoided by washing the gaskets repeatedly, Ixsroro 
use, with the solvent or liquid absorbing medium to be used in the 
measurements. Spacer tubes of metal are sometimes used in tk' 
mountable cells; glass or silica must be employed if there is clanger 
that metal may be attacked by the cell contents. Permanently 
assembled cells with cemented-on windows can be use<I only with 
fluids in which the cement is insoluble. Hence one-piece cells with 
fiised-on windows are preferable for general applictitious. Perma- 
nently assembled cells with open tops or with two filler tubes lire 
somewhat easier to clean than those with a single filler tube, but the 
single-tube type with a ground-glass stopper is useful when it is dc- 
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.sired to prevent cviiporatioii of the cell contciiLs periods 

of use. Typical absorption cells iltc sliown in U'ig'. 14.1. 

A cell of variable length, sncli us a iUil^f tube (Fig. 14.®), is a con- 
venience ill preliminary cicp lorn t ions to tie term iiie the most coiweiiient 
concentration of a .solution to employ with a ]mrticiilar cell of fixed 
length. Baly cells arc obtainable with Tiiircoinctcr niljustmciit 
whereby the path length may be set to within about =h 0.005 mm. 
Other cells of special design, such ns the iiutcked echelon celly are de- 
scribed in later sections <lcn1ing with special spcctro]>hotoiriGtric 
methods. 

14.8. Choice of Spectrophoto metric !Method. It i.s convenient to 
chussify spectrophoto me trie nietho(i.s nccor^ling to tlie radiation de- 
tector employed. If one uses this liiisis uf classification, there arc 
three principal .spec bropholoi net ric Tncthods from wliicli to elinosc; 
(1) visuiil, (S) pliotogriiphic, and (S) ]>liotoelecbric. Although 



Fig. 14.2. Baly cells, (a) Sliding tube type, (b) Micrometer type. 


tlieriiineleelrie metliod.s are ii-sed in the infrared where no others are 
iiviiilal>le, Lheii' comparal ivc insensitivity itiiikes Iheni iinde.sirable for 
ivgions where one of the throe more responsive inethorls ean be 
einjiloyed. 

Tlie visual nielhod is of use only in the region from Jiboiit 4000 to 
7500 A. For this regir>n it has the luiviintiigi^ of siinjilicity and lhc% 
di.siidvaiituge of yielding resiills Lliitt may vary coii.sidenibly fi’oni 
observer to olwerver even utiilei* the best of operating comlitions. 
Purlicalfirly in Lho.se .sj)eeLraf region.s in whic;li the eye is least seii.si- 
live, .some worker.s fhal it diflieiilt to obtain .satisriu:bory resnlt.s by 
Ihi.s nielhcxl, 

'Die pliol.ographhr nielhod has the iicl viintagc' of pi''ovi<liiig a pernui- 
neiil reeoi'fl wlii<'h, itl safri(*it‘rilly high dis|KM*sioM, niii-y be made to 
recsird the miiuiU'Sl. deUiils of eottifile.v absorption s])ec'l.ra, If (he 
phologr(i])hie reeoni i.s |>holonieLer'ed vi.siially, this ineLhod has .some 
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of t]ie disadvantages inherent in visntil spectrophotometry, though 
the situation is improved by the fact that the j)ho tome trie procedure 
can be carried out with light of high intensity and Liniforin spectral 
quality. The pitfalls of visual photometry may be avoided by the 
use of objective photometric devices (for exainjile, T>liotoclcctric 
densitometers ; see Chapter 13). The time reqiiivetl to process the 
emulsion is a further disadvantage of the photographic method. 

Photoelectric methods may be subtUvided into those wliich involve 
point-by-point measurements at selected wavelengths and those 
which permit automatic recording at all wavelengths within the range 
to be investigated. A special ease of the former is the aba<yrptioriieler 
or colorimclcr. The colorimeter is a device equippcil witli a simple 
dispersing system, or with filters, that permits determination of the 
concentration of substances by their jibsorption of appi‘oxiinatcl3' 
monochromatic radiation at a selected wave band. Such tlevices arc 
useful in analytical chemical proce<luros. Point-by-point photo- 
electric spectrophotometers are convenient for routine measiircmciiLs 
ill applications to analytical chemistry, organic chemistry, and bio- 
chemistry, but the data obtained with them may not show all the 
important details of the absorption spectrum because of the intssiiig 
data between the observed points, Aiitomatic-recor<liiig photockK?- 
tric spectrophotometers have the a<l vantage of covering, coiiLiniioiisly, 
the entire range of wavelengths uncler investigation. They in'cscnl, 
however, miiiiiteiian.ee and adjustment problems somewhat in propor- 
tion to their complexity. Photoelectric methods, in general, all a re 
the advantage of yielding objective nieasureinents that can be repro- 
duced consistently with less skill and care than arc usually rccjiiirofl for 
similarly'' consistent results with visual or ]»h olographic: inctliods. 

Table 14. S summarizes the l>ases of ehr)ice tinioiig the various 
method.s of spectrophotometry (conqiare 'J’nbit' 1^.1). 


VISUAb ABSORPTION SPECTHOPIIO'i'OMETRY 


14,9. General Considerations. Apparatus For visual absorption 
spectrophotometry requires the following princijial components: 
(1) a suitable light source; (2) a means for separating the light from 
the source into two parallel beams (one traversing tin; absoriniig 
niediuni and the other serving ns a comparison bemu) aii<l for bringing 
the.se beams into juxtaposition so that they tiuiy be vieweil ulti- 
mately as parts of the same photometric field ; (3) a means of 
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changing, by known nmounts, the intensity ratio of the two beams ; 
(4) suitable absorption cells (if liquids or solutions arc used); atid 
(j 5) a spectrometer that permits isolation of a narrow spectral band 
in both beams and presentation of this spectral region of the tuT3 
bo aims in a photometric field for visual comparison. 

Any variation in the brightness of the different portions of the light 
source from which the radiant flux is collected into the two parallel 
beams may cause irregularities in the brightness of the different j>or- 
tions of the final photometric field. Consequently* directly niiiiiii- 
nated diffusing screens or indirectly illuminated diffuse reflecting 
surfaces are often used as light sources in order to ensure tliat the 
entire area contributing flux to the photometer will be essentially 
uniform. This method of illumination Is wasteful of light and is 
lihely to result in low brightness of the photometric field, especially 
when highly absorbing materials are to be measured. When the 
highest intensity of effective illumination of the field is desired for 
transmission measurements of specimens of high density, a nearly 
uniform concentrated source, such ns a Pointolite, Western Union 
concentrated are, or ribbon-filament lamp, may be used (§ 8.7). 

Tlie two light beams are separated, recombined, rendered parallel, 
nnd brought to focus by suitable reflecting and refracting surfaces. 
The design of this portion of the optical system is governcfl by the 
applications to which the instrument is to be put as well as by mecliaii- 
ical nnd optical considerations. Control of the intensity of one or 
both light beams is most commonly accomplished by the use of 
polarizing prisms in tandem. The analyzer is mounted so that it 
may be rotated with respect to the polarizer (or polarizers) by known 
amounts indicated by a circular scale. Alternatively, fixed dui- 
plirngms of variable aperture or rotating sectors may be employed for 
attenuating the beams. 

The photometer may be an integral part of tlic spectrometer, us 
in the original ICdnig- Alar tens imsbrument (§ 14.11), or it may be 
separate from it. In the latter case, it is customary to use a constant- 
deviation type of spectrometer employing a Pell in- Broca prism 
(Chapter 3). The light source, beam-splitting and focusing optics, 
cell holders, and intensity-controlling device are, in this latter case, 
tisually mounted ns a single unit which is called the photometer or 
(somewhat incorrectly) the spectrophotometer^ 

Various forms of absorption cells may be used in studying tlie trans- 
mission of liquids and solutions. Inside path lengths of S to 4 cm 
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may be required for sijccimcna that have low iibaorptioii cocfiic Lents. 
Commercial visual spec troplio tome ters arc usually designed so that 
they may be u.scd for rcflcctimcc as well ns trails miss ion mens lire- 
nicnts, and for ineftsnriiig iib.sori)tioii by relatively opaque materials. 

Since visual spectrophotometers arc inteiide<l for use in the visible 
region of the spectrum only, all transmitting optical components, 
except polariraiig prisms, arc of glaas. 

14.10. Advantages and Limitations of the Visual Method. The 

visual spcctropiiotomotcr is easily set uji aiul is free from the com- 
plications of photographic manipnlatioii or of the operation and 
inaiiitenaiicc of electrical tncasiiring devices. As n coiisccf iicncc, it 
has been used widely and i.s still employed consul cm, bly in inrln.strinl 
control and research laboratories for measurements of transmission, 
rellectancc, and absorption by opaque .saiTi])Ies within the range of 
the visible spectrum. 

The limitaLions of the visual method arise from certain charac- 
tcristics of vision, iimoiig which the following lire iTio.st iiiiportAnt : 
the matching of intensities by the eye involves subjective ns well as 
objective factors; under the same conditions of observation, din'crciil 
eyes vary considerably in the pmci-sioii with which they make it 
possible for the observer to perceive tlilfcreiiccs in con trust; the; 
sensitivity of an ob.sorver to differences in contrast varie.s miirlccdly 
with tile iLvernge brightness level of the vusiittl fielrl ; and the visual 
sLiriiiihis is a complex function of the wavelength of the exciting 
radin bion. 

As shown in Kig. 14.3, the average observer is able to pereeive 
intensity dilferences of about I per cent (correspoiuling to <lensily 
difTereiiee.s of about 0.0043) at a brightness of 10 nib.^ IT owever , 
at a brightness of 0.001 mb, iin inLen.sity dilferenee of about 2f> i>er cent 
(correspniuliiig to a density diirereiico of 0.07!)) Ls recpiired for di.s- 
criiuiiiatioii. In order for tlic percentage dc^ii.sity error to be .small 
ill ineasiiremeiits of a1}sorbiiig .substances in the region of inaxiininti 
absorption, it is e.ssential that the nieiisn rein cuts ))c innrle with 
samples having high density viilues (suy I./> to S.O). Siicli vaJiii^s 
correspond to low traiisriiissioiis and may result in rcfliietion of 
iirighlness of the field to the point. iiL which .sensitivity to contrast in 


* 't' 


I'lii* ftinihrrf. iihhit'viiiUsI I., i.s ii unit of IjriKlil.iuvt!^ t^cgiiiil Ici (he iiv’OJ'uac- hrifiliLiins.^ 
of II HiirfiKH^ nnillina' oi* ri'flivl ini' ! luiiuui |u*i* }M|i]iir«' itui'(<*r. 'riii* ni i/JiltiwAttr/, 


iilil>re\'iii((ul iiiL, ivliii'li rijiuLb 0,001 L, is ifi^aieriiflv 
cxcejil for very ])r]f{hl siii'fiiws. 


[ as (lie unit of iiriKliIncsM 
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materinlly reduced (Fig. 14.3). This reduction is especially apt to 
occur at the two ends of the visible spectrum, where the luminosity 
per imit of radiant energy is quite low. 

In general, it may be concluded that (a) the visual metho<l is Li-scfnl 
in some routine work, (b) more objective methods shoiiltl be em- 
ployed if the greatest precision is required, and (c) special canLton 
needs to be used wlien the visual method is applied to trail sin i.ssLaii 
measurements of specimens having absorption hands at the extreme 
red and blue ends of the visible spectrum. In the following four 
sections, several typical visual spectrophotometers arc discussed. 



B" Brightness Level, MiJhIamberts 

Fig. 14.3. Variation in discrlnil nation of the eye for change in brJglilnesSi 

B, at different brightness levels, B. 

14.11. Instruments Using the Martens Type of Polarizing 
Photometer. The Martens type of ]>olat'iziiig jihoLoincUir (Fig. 14.4) 
employs a Wollaston prism as a polarizer. When the two beams of 
light to be photometered are passed tli rough such a prism, cncli bciun 
is split into two beams which diverge from each other and which arc 
plane-polarized in directions perpendicular to each other. Thus four 
beams emerge from the Wollaston prism. 

Of these beams, only two, polarized j)ei'peii<|[culai']y to each other 
and corresponding to the two original beams of light to be [)li«)toino- 
tcred, are to be observed in the final photometric field. It is iicces- 
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fliii’y, therefore, to discard the uncles ired henms and to direct the 
desired ones in .such a manner that they will be brouf^ht together side 
by side in the field of view. T'his result is acconiplishcd by a bi- 
])i‘isin, which s])lits the four beams into eight but directs only the two 
desired ones toward the pliotonietric field, tuul by iipproi)riate stops 


A L C 



Fig. 14A. Schematic diagram of Xlinig-Martens Spec iTopho tome tor. A, 

liK^it NfMir4'(‘; c'liiidrnKiiig irii-sos; nhsorptimi ctdls; onlrniiPf* hHIni /*|, 

(;f>lliiiiiit.itig lens and refrncrl ing |jrisiii; disjiersiii^ prism; JJ', WoJtjistmi 

piihiriKiii^ prism; /i, Etiprisin ainJ Lc>lns<:r»po Ians; iiiiii prism ; IJ, divicied 

fircle; eyepiece Ians. (Ely [atriiiissJnii fi'iini O/tfiruii of {-hrNtii'til 

by '1'. II. P, (tibb, ,Fr. (^)]>y righted Ib t'i by iMedravv-Jlill Ibitik 

1 no.) 


wliicii jnitiiinis^e the poHsi])! lily lliat scaltered light from 1 he diHcarded 
lu'itiiis will Iniverse the system. T’lic' observe‘i\ looking into I he eye- 
piece al Llieeiul of llie oplic^til Iraiii, sees a field of view divided in the 
middle. One ludf is illumiiuiled by ])liit)e-f>oliiri:^.ed light froiii one 
of the original beanis ; I lu' of fier half is illiimLiiiited by pcN'pendicnilarly 
])laiie-polariKed light from llu.' .second of the original beams. A (dan- 
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Thompson or Nicol prism, placed at a suitable position between the 
bi prism and the eye of the observer, is used as an analysier. 

As the analysser is rotated con bin Lion sly in one direction, the two 
halves of the photometric field ore extinguished alternately at 00-{lcg 
interv^als. These positions of the analyzer are known as the exlhiclion 
pohits. The two halves of the photo metric field are matclicii in 
intensity at intermediate positions between the extinction ])oints, 
known as the zero points. If the original bcains are of the same 
intensity and if the optical system is symmetrical, zero points occur 
halfway between extinction points; otherwise, this may not be 
precisely true. 



Fig. 14.S. Polarizing spectrophotometer manufactured by the Gaortnor 

Scientific Corp., Chicago. 


In the Ktinig-Mnrtens spectrophotometer,® the Wollaston prisin 
nnd bi]3rism are mounted at the position of the tclescoi>c lens tlic 
spectrometer. The analyzer prism is mounted in the eyepi^H^e, 
behind a slit that gives a photometric field in which each Iia.lf is 
illuminated uniformly throughout with a mixture of colors corre- 
sponding to the spectral range under exnmiinition. 

Jkllany commercial instruments, such as those of Baiisch & TjOiiib 
and Gaertner (Fig. 14.5), employ an alternative arrangement in 
which the photometer (together with accessories for illuiniiialioii, 
holding the cells, and other purposes) is a unit separate from the 
spectrometer, the latter being of the constant-deviation type. With 
this arrangeme nt, the photometer field is focused on the entrance .slit 

* H, J. McNiohoIas, Bur. Standards J, Re.'tearoh, 1, 7t)3 (ID'SS). 
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of the ai^ectrometer. The field viewed through the eye lens oF the 
spectrometer consists of two spccbrn» one immediately above the 
other. Tlie spectral range in view iit uny one time is limited by 
laterally a<l just able stops in the sficctroinetcr cyc]>iccc. 

Eor transmission measure m cuts, the Baiiscli & Lamb and Gncrtncr 
instrunicnts use a back-ilhiminntcd diffusing screen as a source, 
l^or measuring the traiisinissioii of liquids, the Dau.scli & Lioinb 
photometer may be obtained in a modified form with cells of co-n- 
tiiiuously adjustable clepth similar to those used in Oulioseq colorime- 
ters. Eor reflection measurements, both the Duusch & Xionib and 
Gaertncr instruments use splicrc illinninators. 

14.12, Hilger-Nutting Polarizing Spectfophotometer. Thcl-Iilgcr- 

Nutting polarizing spectrophotometer cin]3loyH a photometer and 
constant-deviation spectrometer arranged in tandem as in the Ibiiiscli 
& Tx>inb and Gaertncr instruments, The original Tlilger-Nuttiiig 
photometer had one iixe<l polarizing ])rism system folio we<l by a 
rotatable analyzer. An improved model, desci'ibed in two papers 
by Dowell/ utilizes a sccorul, fixctl analyzcr-prisin sy.stem rollowing 
the rotatable analyzer, wliieh results in a more extern led. or open, 
density scale at the hLgher density values (§ 14 . 18 ), in Llie eliiiiiiiation 
of a certain amount of stray light, and in the emerge iiec from the 
]>hotc)ineter of a l>eani with a constant plane of pol4irizalion in-stead 
of one that rotates with changes in the setting of the I'f^ta table 
analyzer as in the case of iustniTiieiiLs with a single analyzer. 


T\w 

constant jilane of polarization obviates the ]>ossibility that changes 
ill the photometer aclju.stiiieni..s might cause change's in tli<^ Lriiii.s- 
iiiissioii eh firacl eristics of the spec troine ter as a re.sult of reflections 
at optical surfaces. 

Kor transiiiissioii mcasureinents, the riilger-TSTiiLLiug spet^tro- 
photometer ordiiinrily uses a Pointolile-lamp source, whicMi gives ii 
c;oiii para lively bright iihotorric'l rie field. It may also bo fitted witli 
a sphere illiimiiinlor, which gives a somewhat more iniiforin field but 
one of iiiiieh less brightiic^ss, not so well adiipted to traiisini.ssion 
jiieasureineiits at higli densities. Kor reflectance iiicjtsiircineiits, Ihe 
sphere ilium inn tor should be ii.sed. An altacliiiient is provide<i 
whereby opncpie objeet.s iiiul slanchinl refie<'titig surf area may he 
illiiminalerl by ii 5f)()-watt Poinlolit.e lamp, the Jingles between the 
speeiiiu'iis and the light sciurc'i* on the one IiiiihI iiikI lu'tw’een tlie 


'.I. II. Dtiu'dl, Jiiitr. .SVi'. /hjiL. 8, (IIJSI); 10, UjS - 1,^(1 (lO'jSO- 
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speciTneris and the photometer beams on tlie other being adjiLstable. 
To measure absorption by polished opaque specimens with high sur- 
face reflectance, aPointolite illuminator is provided iu which the light 
from the source is reflected back and Forth several times between two 
samples oF the specimen beFore entering tlie photometer. 

14.13. Manipulatioii of Polarizing Spectrophotometers, Por 
transmission measurements, the specimen is placed in the path of one 
of the photometer beams. If the absorbing specimen is a substance 
in solution, a duplicate cell containing the solvent is placed in the path 
of the other beam (§ 14.4). For reflectance measurements and for 
measurements of the absorption of opaque substances, the light 
entering one of tlie photometer beams is reflected from the specimen 
and the light entering the other pliotometep beam is reflected from a 
comparison surface {reference aiatidard) having a nearly uniform 
reflection cocffi.cient in the range of the visible spectrum. iVLag- 
ncsium oxide is, aside from its Fragility, an excellent material for a 
reference standard. Its reflection coeflBcient is about 0.97 throughout 
the visible region, it is a good diffuser, and its reflection characteristics 
do not varj^ appreciably with time. If a less fragile surface is desiretl, 
white glass or porcelain may be used and calibrated with respect to 
MgO. ITurthcr details regarding methods of ill unit nation and 
manipulation in reflectance measurements are given in the references 
nt the end of this chapter. 

Several commercial photometers are provided witli scales from 
which opacity, reflectance, and density may be read directly. 

To determine a complete spectral curve oF traiismissioii or reflect- 
ance, readings are taken at intervals throughout the spectrum, the 
wavelength being adjusted by means of the spectrometer drum for 
each new set of readings. The most appropriate wavelength interval 
between readings depends on the accuracy with which it is desire<l to 
cletennine the characteristics of the specimen and the nature of the 
spectral transmission or reflectance cuiwc. For specimens with pro- 
nounced selective absorption, determinations must be made at more 
frequent iiitcrviils than for those having general absorption only. 
Intervals of 50 to 500 A arc commonly used. The width of tlic en- 
trance and exit slits should be adjusted for the maximum purity of 
spectrum consistent with sufficient brightiie.ss of fleld for accurate 
matching. Measurements should be carried out in a darkened room 
after the c^'-es have become accommodated to the low light level 
of the room. 
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14.14. Other Visual Spectrophotometers and Their Manipulation. 
The XciifleJ niid Esscr color analyzer® (Fig. 14.(i) einploys a rotating 
sector of fixed angle in the specimen henm and one of variable angle 
in the comparison bcam» both being mounted on the Hiunc .shaft. A 
in o tor rotnte.s the sectors iit sufficient spcc<l to cliTiiuiiitc noticeable 
flicker. The two ]jhotomcter beams illumiujite the cii trance slit of 

a constant-deviation spectrometer. The divi-sioii in the photometric 
field is produced l)y n biprLsm placed between the di.spei'Hiiig prism 



Fig. 14 . 6 . KeiilTeJ and ISsscr color nnalyzor, f Il.v iM’rnii.ssicjii fmin M ruxurt}^ 

mflitl of tintiiti/if rdilt'd li.v W. K. KnrM.vlIic*. ( 'i»p.vrigliLr<i by 

Mc:(jniw-lli]1 Honk ('n.. lii(*0 


and the ronu'ler ttdescrcjpe Ions, rosiilling iJi a fitdd sLinilar to I fiat 

vie\ve<l in llio Iviiiiig-Marloiis sp<‘clropliol(aiioLor (§ T4.ll) oxcropl 
that the divifling lino is liorizunlal iii-stoad of vorliciil. variable 

sector i.s a<ljiisl('fi by a sfiooial rnec^luitiical aiTaiigi'rnoiit, while the 
sectors are In niolioii, iinlil the two lijilves of I ho [ilioloniotric! fledd 
match, 'riio valuofir /f Vf-it <ujrro.spoiidiiig lo Ibis iidjiist iihmiI 

i.s read (liro<‘tly froiii a sij liable soalo. A sp]ior<‘ illiiriiinalor i.s u.se«l 
for bolli I raiisMiis.sioii and refloehmeo nic^iisiiroiiK'iit.s. 


\Y- Ki'iifh't Jour, Opt. Sot\ Atu, niir] lirr. iSV/, hisf., 11, HJU 
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For comparison of the intensities of light sources, it is advantageous 
to be able to introduce two widely separated liglit beams into the 
spectrometer. The Lummer-Brodhun” and Guild'^ pliotometCT.s ac- 
complish this by the use of two collimating systems in conjunction 
with a suitable optical system for causing the two collimated beams to 
illuminate different portions of the final photometric field. The 
Buckley and Brookes photometer® uses a L#umnier-13rodhiiii cube to 
bring togetlier two light beams before focusing them on the slit of n 
con Stan t ^deviation spectrometer. 

Several means of varying the light intensities other than those pre- 
viously described have been used. Variation of collimator slit 
width has been employed with the Liimmer-Brodhun instrument. 
Adjustment of a rotating sector while in motion can be accomplished 
by the use of a cylinder instead of a disk and by cutting away the 
cylinder in such a way that moving it along its axis perpendicular to 
the light beam clianges the effective aperture.® The Guild instru- 
ment ^ employs a series of interchangeable fixed sectors in combination 
with movable neutral absorption wedges placed close to the collimator 
slit. In the Buckley and Brookes photometer,® the brightness of the 
source is varied by controlling the voltage at which it is operated. 
With small concentrated sources, use may be made of the iiivcrsc- 
square la%v as a means of varying the intensity.'* Finally, a variable 
aperture may be placed at a suitable point in the optical train at 
which tliere is a uniform parallel beam of radiation (§ 14. 


PHOTOGRAPHIC ABSORPTION SPECTROlTIOTOMIiTIlY 

■ 

14,15. Genei'al Considerations. Photographic absorption sjjcc- 
tropho tome try involves the use of hornocliromatic photographic 
I>hotometry, which was discussed in detail in Chapter 13 and is coii- 
slclered here only in relation to certain special aspects concerned with 

absorption measurement. 

Photographic materials may be applied to the study of absorption 
(a) as qualitative or semiq uantitative recorders for indicating the 

*0. Lumnier nnd E. Brodhun. Zeiiackr. Inalrumenlenk., 12, iti'i (IHtisi). 

J. Guild, TntTis. Opt. Soc., 26, '!'4'04 (10d5). 

®H. Biiekicy «n<l F. L. C. Brookes, Jour. Sei. Inat. 7, .S«5-.il7 (lOSO), 

L. Dunn, J?e®. Sci. InaL, 2, 807-809 (lO.Sl), 

* TJte iJiV'ers^gqiifire law holds strictly only for point sources. As n f(ciicriil wopkinjj 
rule, it may be assumed that deviation fro in the inverse-square Iiiw is les-s tliuii 0.1 per 
cent if Llie minimum distance from tlic source is IB Lime.s its rliniiieter. 
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ponitions and relative inagnitii<lcs of abnorjition maxima and iniiiiinu, 

(b) ns calibrated responders to rfuliant enci'gy for determining tho 
relative intensities, fo and lx, of tho niclintion incident upon mid 
transmitted by an absorbing s])ccinion at partieiLlar wiivc lengths, and 

(c) us null indicators For determining the wavelongtlis at which the 
.spectra of radiation transmitted by an absorbing spccimcii match 
comparison spectra jjhotograjilicd with iircrle ter mined reductions in 
intensity level or time of cxposiii'e. One or the other of these a7iplica- 
tions is the basis of every method of j) hotographic absorjitioEi si^cc- 
tropho tome try. 

All the above applications make use of : (a) a suitable light source 
(§ 14.0), (b) a means of introducing the specimen into the beam of 
radiation between the source and the spectrograpii slit (for example, 
tibsor 7 >tion ccll.s, as discussed in § 14.7, if Itc^aids or solutions are bo be 
examined), (c) a spectrograph, and (d) pliobogruphic plates or films 
and api)ropriatc means of iirocessitig them. In achlition, the second 
and third applications require a mcan.s of changing the intensity of 
the radiation or the time of exposure by known JirnouiitH. This 
requirement is most often met by a sjjlit-benm photometric device, 
l>lnccd between the source aiul the si^cctrogriiiili. 

The dc term illation of alisorjitioii s|H;ctm photograph icii iiy wi th a 
Kplit-boain photometer is somewhat similar to the tech iiicf lies ilc- 
.serihed in the section on visual H]>ectropliotoinetry. In visual 


.spectpopIiotoineLry , liowever, one normally selects a pivrtjciilnr wave- 
length region aiicl adjusts the photometer until the two lialves of the 
photometric fiehl are matc^hed in that region. With pliotogniphie 
methods, it is customary tt» filiotograpli a series of pairs of S]iectra, 
each with n ilifFereiit setting of the ]>liob(>rneter, and then to determine 
Ihe wavelengths, if any, at wliiedi itifibeli points of<‘ur for each .spec- 
Iriim ]niir (see h'ig. 14.7). 'I'liis jirocecliire is ttii exam pie of the rinll 
mtthtitl. The* same ])lu(e, with its several pairs of sfiec^tra, may he 


exaniinetl also at specifier vvavelengilis. 


the jiholoin<*l rit; sirMiiigs ihiit 


correspond in os I <;losely to inalcli points being del.t'i'iiiiiicd for eiu;]i 
wnveleiiglh, and the cf)rres])Oiidirig values of /j. ’ f w being estiitiii teil by 
tiilerpolalioii. 'i'liis procedure is an exninple of LEie culihralttm 


mcthfHi. 


14.16. Advantages and Limitations of the Photographic l^etliod. 

Pholograpliic speelro])liolofiiclry is iiol .so well adafited to use by 
senii.skilleci teelinicnans as is photoelecl rie s]5eclro[)liol.oMiet ry with 
slandard eoinnu*rcial iiistruiiienls. In addilion to Ihc nmiiipiilation 



386 


ABSOnPTION SPECTROPPIOTOMETRY 


[§ 14,16 

of the photometer and spectrogrnpli, plioto^-aphic processing and 
examination and interpretation of t]ie plates are involved, Tliesc 
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Fig. 14.7. Abso-rptlon Spectra of human serum photographed with a Speklcer 
split^boam photometer CS 14.20). Tiie dots iiidiciitc niiitcli pciiiils bcLvvccn 
orljaccnt spectra (comparison and absorption) tis dolor mi net I visiuilly. Tlie 
general shape of the tibsorption curve (corresponding to tiic ]>rcsciico of jjrotoiiis 
mid nucleic acids in the scrum) is indicated by the positions of the dots, but for n 
more quaitkilativB presentation these data would be plottccl as an jib-s<jrpihm 
curve. 


require considerable skill and care if reliable rcsulls are to he ob- 
tained, so that commercial photocleetvic spectrophotometers will 
probably be preferred in many laboratories. 
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On the other hand, the photographic method offers certain advan- 
tagea. A simple test ]ilatc, taken and proccsscrl in leas time thiiii Is 
rcqniretl for a poiiit-by-jioint pliotocicctrie cl c term inn t ion of an 
ahsor])tion curve, often yields informiitioii of considerable value. 
The fact that the entire spectrum is recorded on the plate often makes 
it possible to observe details of absorption that might be overlooked 
with point-by -point methods, furthermore, spcetriiin details that 
arc I in resolvable with simple photoelectric? iustriiineiits niiiy some- 
times be observed in photographic spectrograms. Because of these 
advantages, research laboratories (incl it useful to have available both 
pliotogra]>hic and photoelectric absorption spectrophotometers, using 
each for the particular ap]i1ieatioii.s to which it is best suited. 

14.17. Spectrographs for Photographic Absorption Spectropho-- 
tometry. Prisms have been enii)lcjycd niiich more exttmsively than 
gratings ill spectrographs for photographic absorption spectrophotom- 
etry, partly as a result of the greater availability of prisms, Thi* 
situation may (rliange as improvements take place in the iirochiction of 
gratings and grating replicas. Gratings have several advantages, 
including a[)proxiiriately constant dispersion as a fuiietion of M'nve- 
length, 'ritey also have c I isad vantages, of which the most inii>ortaiit 
for many s])ecti'opli(>toinetriG applications arc (a) the astigmatic 
images of I he slit formed on the spectrum plate, except when Llie 
Wadsworth type of inouiitiiig or special methods of il In in in at ion are 
used, and (h) the ne(?essity for removing over]a|>piiig orders, except 
in the first cirder of wavelengths (Chapters 2 and 4), 

Prism spc'Clrograjihs for absorption H|)e«?l.i'ot>holoinc‘try usually lui vc 
quartz (i])tic.s, siiicre I he pliotognipliic* nudhocl is lai’gely employed for 
tile ultraviolet region from 20(H) to -tOOO .\. (ihiss oj) tiers are, of 
course, lietl.er for work in the visible region, where? tin? dis]K'rsion tif 
quartz is low, and many suitable spectre >gra]>hs willi glass op lies are 
available (( 'liapler 3). CoTislaiit-deviatioii wiiveleiigth s|>c*<rti'onielors 
of the type nseel in ecn'laiti visniil absorption siieetroplioLonielers 
(.see §§ 14.11 to bbl-l) may u.sindly be fitled with a c?anu?riL in place of 
Mie viewing eyc?[iiec?e, thus (?oii verting llierii |o spec?Lrognt]3lis stEitii.J>le 
for photographic .s[)eetroi>liotoiiicq.ry in the visible region. finally, 
some sjifK'trographs nifty bi' ohlaincfl with intercJuingejible optic.s of 


various materials, itu?lu(iitig glass and rfiiarlz. 'ryjiic?iil eoiiiiiicrfrial 
(|uarlz spe(‘trogT'uphs for afisorpl ion work are listerl in 'Pjible L-l<.3. 

Tli(‘ clioiee between a small or a rnediiirti (jiini'lz specrtrogj'ii.pli de^ 
pends largely on wlu‘th(‘r nicasiiren tents art? to In* Jiiadc witli it only 
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iti tlie 111 tm violet or are to include the visible I'egion. Tlie ao-^caliccl 
'‘medium*' size usually lias about three times the theoretical resolving 
power and linear dispersion of the “stnair* size. This higher resolving 
power and dispersion are of distinct advantage in the range above 
4000 A because of the low dispersion of quai’tz in this region. In tlic 
ultraviolet, however^ the situation is different. With a slit ’Nvidtli of 
0.02 mm, the effective resolution obtainable with a typical siUftU 


TAJUJU 14.3 

SpcciKicA'rioNB OP Typical Cojimbucial Quaiiyz SpKcrnoanAPfis Useful i« 

Anson moN' SpncriioPiiaTOMRTRY 


jVranuf actu rer 
nnd type No. 


Adnni TIilgcr 
Gaerlner 


(A)l dinicn.siotia in centiinclcra) 


Priam 


Cornu 

1,T X 2.8 

Cornu 
2.0 X S.O 


Colliiiuitor 

lens 



Smail in*trunicnlJi 


Dinni I.O 
fo 20.8 
Diam 2.6 
u 18.5 


^TetJivin or inter med iota iH.*ttrnmpnts 


Txingtli of spcdcuai 
3000 to 81100 A 



Diam 

5.1 j 

Diiirin 

.5.1 

hi 

01,0 

Id 

01.0 

Diam 

.5.0 

Diaiti 

.5.0 

Id 

(\7.6 1 

Id 

07.5 

Diam 

5.0 

Diam 

5.0 


22.5 


3-1-.0 


ii7.6 


quartz spectrograph is about 1.2 A nt 2500 A and S.O A at 3000 A; 
these values are entirely acceptable for routine absorption spectro- 
photometry, and the dispersion from 1850 to 3000 A is satisfactorj* 
for most needs. Tor work in the region below 2300 A, where quartz 
al3.sorbs appreciably, small spectrographs are sometimes to be pre- 
ferred because of shorter path length through their optical com- 
ponents, and the greater feasibility of selecting small quartz g|XJciiTiciis 
of high transmission in this region. Spectrography to 1850 A may 
be ncconiplislied readily wth small iiistriiinents having sjKJcially 
selected quartz optics. 

The greater dispersion of medium instruments may be useful even 
in the ultraviolet when techniques involving direct visual examination 
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of the plates arc employed. Usually one may ftccomi>lish this 
equally well by enlarging the plates or examining them by j>roicction. 
If, however, spectra are to be matched or deiisi tonic tore d by objective 
devices such as photoelectric densitometers, wliicli are unable to dis- 
liiigiiish ])ctwceii true idiotographic effects and defects in the plate* a 
large -Spectrum .size on the negative is of Rflvaiitagc in rc<1iicing errors 
that arise from grain .size, <lii.st specks, and scratches in the emulsion. 

14.18. Photographic Materials and Processing. PiioLograpliic 
ciiiLilsions of moderate speed, higli contrast, and small grain size, such 
ns pi*ocos.H plates or film, are best aclaptcfl to roLitiiic absorption work. 
Contrast lantern-slide plates are quite .sati.sfaeLory for use with small 
spectrographs. For wavelengths longer than about .?0Q() A, esjic- 
cially sensitized emulsions must be used. Paneliromatic jiroccss 
plates (ire entirely suitable. So al.so arc the various ii ne-griuii, high- 
coiitrnst spectroscopic plates sensitized for this spectral rimge (see 
Chapter 7). 

llelow about 3300 A in the ultraviolet it becomes necessary either 
to u.se .special emiil.sions in which the ultraviolet absorption due to 
gelatin is negligible or to sensitize the platc.s with a surface coating of 
a .suitable fluoreseent .substance. A thin coating of iLlmo.st any light 
innchiiie nil,'*' swabbed on the emulsion with a piece of clianioLs or a 
tuft of liiit'free cloth, gives satisfactory Hcnsitiziitioii for absorption 
work holow 3/SOO A. Ileforc development of the plate, the oil must 
he waslicfl o(F carefully with a suitable solvent, such ns benzene. Spe- 
cial n1lraviolct-.senHitized spectrograph it ^ plates may also he obtained 
(see (/hap tor 19). 

The preciuilion.s outlined in Chapter 7 ns to iiniforniity oF coiidi- 
lions of developniont, fixing, and wiisliiiig .should be observed. In 
order to ininiinizc sources of cri^or in <l(?iiKit,y com par Lst ins, it is piir- 
liciilarly important to avoid the prcsciK^c of air liiibbles on the emul- 
sion during development and fixing, and to cai'i'y out till processing, 
including drying, in an atrnosplicM'c as frc'c Prom rlusl as prricl icrnble. 

For fiirllier details regarding pliotogriipEiic! tecilLiiiqiieSi st^^ (chap- 
ter 7. 

14.19. Semiquantitative and Plate-calibration Methods. Bcmi- 

i lal ive iiidif'nlitnis of rehilive ithsorptioii iiuiy i>e (jbtained by 
])lir»Logi']ipliiiig a .seric's of absor]>tic>ii speelni with dinVrcMit exposure 
limes itnd constanl iiilensily, diflViv'iit itilciisil ies ancl efm.sltint ex- 


(i. It, Jour. OpI. ami /^*t- II, ] !t M 
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time, or different tUickneaaea oF tlic absorbing specimen (iisiTig 


Spectra can be made to blacken tlxe plat< 
outline of tb.e less dense areas traces out a 
curve of ttie specimen (Pig. 14 . 8 ). Much 
Spectrophotometry was done by such jneaiia 


§ 


Wronm 


may take a single spectrograi 
* specimen so placed that the ] 

spectrograph slit (and thence 


spectra 


S]>eci 


men. * Alternatively, the plate may be caused to mo'^'^o at varying 



Fig. 14.8. Absorption spectra of tyrosine at liquid-hydrogen teniporAltiroB, 

photographed with different eseposure times. 


rates of speed, by means of a motor-driven cam, during tlic pcrioil of 
exposure, so that the time of exposure is a Function of the position 
of the spoctrinn on the plate, or the plate may be caused to move »l 
constant speed while the intensity of the light incident on the specimen 
or the thickness of the absorbing specimen is changed. 

Eroin^ these sera iqiiantitn live methods, it is but a step to the 
calibration of the plate (see Chapter 13 ) and the quantitative detcr- 
niination of .r*/jro-^ Xf a series of comparison spectra is photographeil 
ah different intensities or exposure times, the blacken nig of tJic jilnle 


f"!- L Iiler a nd R . . lAociH, Atlas of Absorption Siwrira. Wa-diinffbon. 1>. C.: 

Carneffie InsliLute. lOOT. 

lOCMJ^ " of Absorption Spee/ra. IjtjndDn; Orecn ninl C'n.. 

“E. II. Holiday, J’owr. Set. Fust., 11, ICO (lOSy). 
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at ]>articiilar wavclengtlis by the comparison aj^ectra may be coni' 
pared with the blackcMiing produced by the absorbing spectrum, and 
the values of /*//o may be detei‘ininc<l at these wavelengths by 
interpolation. The density comparison mny be made with a den- 
sitometer (Chapter 13) or by visiittl means. In one of the earliest 
inetliod.H of quantitative absorption .spectrophotometry, Ilcnri*’' took 
alternate speelrogriims through equal path lengths of solution and 
.solvent, varying the time of exposure through the solvent. He then 
dotcTinincd the wavelengths at which adjacent pairs of .spectra 
matched each other in blackening and computed the ratios of Jx/fo 
from the relative times of cxpo.surc. Corrections were made for 
reciprocity law failure by ajiplicatton of an cxpi'cssioii due to Schwarsi- 
.scliild (Clia])ter 7), 

A .simple method of quantitative absorption spec troplio tome try, 
similar lo that of Henri and based on a Kiinplified method of plate 
calibration, is the following: A series csf exj)ositrcs of .say 10, SO, 50, 
and 100 see <(iiratioii is pb otographed Lh rough tlie HT)cciincii and a 
.series of comparison exposiirca is photograph er1 on the .same plate 
in slep.s of T sec from 1 to 10 .sec, incl iisiA'^c. After development of 
the plate, an cMihirgeincnt is made, 'rhe absorption spectra arc cut 
out and brought into juxtaposition with the vai'ioM.s conifiarison 
.spectra lo <leterinine approximate match points vusiiiilly Jit various 
wavelengths. 'Phe riitio.s at each wavi’lcuigth are detL'rtuinod by 

inlerpolation between the adjacent comparison .S|}ec!tra ino.st closely 
nialehiiig the ab.sorption .sjieetra, on the asHuiiipti<in that the recri]>roc> 
ily law holds. IJiKrertaiiities regarding the recrii>rocity law may be 
eliniimited by varying the intensity t>y one of the incLliods of (jhnp- 
ler If{. 

14.20. Split-beam Photometers. Split' beam photouictcrs are 

dev^icres for si^litting it beam of Mglil from the .soiircre into two beams, 
one of wliH^ti traverses the spec;iincri and the oilier a coinpivrisou cell 
(if one is used), for bringing the two beani.s into jiixtaposilioii on tlu‘ 
speclnjgnqih slit and for re4 hieing the in tensity, oi' time of ex[)OHnre, 
of the coin pii risen beani by known ninoiiiit.s. Sitt'li flc'vi<!e.s permit 
the .siittiillaneous pliotograpliy of pairs of itbsorjstic}]! and comparison 
spectra iiiidei' (■ireiiMislnnces in wliieli the relative exprjsiirc's of the 
two spectra may fie coni rolleil. 

h'or pilot ograpliic spec^l rojiliolometry in the sjiecUral regioiisavhicfi 


s \'. [fi'iin, /Vi.v.Y, y.t’ifitohr., 14. .1 1 1 0 T Mil S'). 
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7ig. 14.9. K-otating sector photometer man ufacku red by the Gaertnei Scientific 

Corp., Chicago. 
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they tniiismit (roughly 3400 to 10»000 A), combinations of i^olnrizing 
3 plit-l)cn.ni photometers and wavelength spectrometers oF the type 
rlcscribed in §§ 14.13 nnd 14.14 may be used. The eyepiece of the 
spectrometer is replaced by a camera, and a series of pairs of spectra is 
i}liotogi‘np1ic<1 with different xdio tome ter settings corresponding to the 
^'alues of /a,//o for which sj^cctral match x)oiiits ai'c to be determined. 
^Vhilc polarization photometry is {possible down to S3 00 A with 
i 7 >propriatc polarizing prisms,^ modern split-beam photometers for 
die ultraviolet employ adjiistabJc rotating sectors or variable aper- 
uires rather tlinii pnlnriziition optics. 



Fig. 14.10, Diagram of Spekkor photoiiio ter. Zr. liiflii Honrcc; /fj. /f«, Jiu 

^flocLiiig rhoinbN^ Lu f^i* />i, colli inn Ling iiikI fociiMsinK .S|. fixed stil; 

s, varliibic sliL, iicljiislctl by firiiin D; absorption cell; c«>in|>nri.suri cell; 
s, spccLrograpli slil. 

The rota ting-HCC! tor photonietcr, first einjjloyeil by Ileiiri^'* ami Inter 
eveloped by Twyiiian,*® hns becMi ii.se<l extensively for photographic 
pcctropholoinetry, particularly in combi imtinii with quartz speelro- 
raphs for .studies in the ultraviolet region. A rotitliiig .sector of 
xed angular aperture (u.siial]y 130 (leg) iiiterru])ts the liglit beam 
assing through the absorbing .spcKiinien, and one of variable angular 
perlure (usuiilly 0 to 130 deg) iiitcrriqjts tlie csnnpariKoii beam. 
*lie.se .sectors may be mounted on separate .sliafts, as hi the; Tlilger 
liotomcter, or may be parts of a siiigle sector disk nioiiuted cm one 
laft, as in the Ihui.scli &; bomhaiid CJaertnei' plinlotnelers 14.0). 

The Jiidd-Lewi.s*^ and Spekk(*r*^® plioUmieters (b'ig.s, 14. 10, 14.11) 

It. \V. \\'<ii»fl. fJfitioii. Now '^’'orkr 'The MHctnilljii) ( '<iiiipiiiiy. I0f34. 

“.‘M'c II. K. tirr.. 8, fJ7l flOKO. 

S. iJii<|r[-lrf>wLs Trtttin. ('/ifut, Sm‘. (IfCindoii), llS, (1£)IU). 

[•'. 'rwyiiinii, Trorift. Ojif. Sor. (LDiidtiii), 33, IJ-lfl (IWSI -SJ'i). 
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are adjustable-aperture devices that are similar in principle Ihouj^k 
somewhat different in optical design. Both control intciislLy bj* 
varying tlie sizes of apertures in parallel beams of rntliatiou thnl are 
uniform in intensity throughout their cross section. For this ]njr* 
pose, the Judd-Lewis uses mechanical vnnes that may be adjnalcd 
by rotation so as to pass more or less of the beam, w Kerens llie 
Spekker uses a rectangular aperture adjustable by a microniclcr 
screw. The Spekker pJiotometer lias been employed extensively in 
photographic absorption spectrophotometry. Jt has a siiflicicntly 
open scale at the higher densities to permit settings up to a dciislly 
of £.0 with errors of probably less than 1 per cent,. 



Fig. Spekker photometer, manufactured b5' Adam Hilger, Ltd., London.- 

(Coiirlofly Jarrell- Aah C^oinpnny. llostnn.) 


The instruments described represent the principal types of .split- 
beam photometers used in photographic absorption sj]>eclroph<>leiin- 
etry. Other methods may, of course, be used !>oth for accomplisliiiig 
separation and juxtaposition of the beams and for viiryiug the 
intensity or time of exposure of one or both beams. 

14.21. IVIultlple-beam Photometers, Split-bcain photon ictcrs re- 
quire a separate exposure for each pair of afisorption and cotnjiapison 
spectra. Several ingenious methods have been dcvisefl to pi* r mil tlic 
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plioto^nph^' of severiil pairi^ of spectra at the same time> thus reduc- 
ing the total exposure time. 

The Jiotched-eclieloii-cell photometer*® (Pig. 14.19) employs a pair 
of cells ill which the path length through the coll contents varies ns a 
function of the height in a scries of 10 stc])s. The ratio of the length 
of each new step to that of the one immediately pi^cccding it is a 
constant, Tlic edges of the cells ai’c cut at 45 deg to the faces so as 
to act as totally reflecting prisms. One edge? of the nhsorption cell 
has a series of rectangular notches cut in each of which overlaps 


Absorption cetl 
(Notched) 



Spectrogroph 

sill 



Rotoling 

sector 


Condenser 


Comparison cell 
(Without notches) 


t; 


LighI source 



Plan 



Elevation 


Fig. 14 . 12 . Diagram of the notched echelon cell pliot-ometer dovelopod by 

Adam Hdger, Ltd.t London. 


liiiir of Iwo adjacent sbejis. When the cells are incjiiiilcd iliuI illiiini'’ 
Hilled, light froiii the coiiipari.son cell and from llie .specinicn cetl 
allernalely iiiipingi\s on Llie spectrograph slit, hecaiise of the action 
of tlie tu)l.c*he.s in alternately hlockiiig and I nin.sinitting eacli beam. 
.'\s a result, tlierc aj>peurs on llie plioLogniphicr plate, after one expo- 
sure, a series of 10 pairs of .spectra corre.sponding to the lO din'creiit 
])alh leiigllis Ml rough Mic specimen and tlic .solvent. An adjiis table 
i'o( filing seel or is used lo ret luce Llic in ten si ly of the comparison 


[■'. 'I‘w.viiiiiil, /Vfir. Sot'. ni4Hidoii), 45, l-[t> (tl)!):0> 
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beams by a known amount. The cells used are difUcult to make and 
to maintain, and the instrument has not come into wide use. 

O’Brien*® made use of a multiple cube to bring into jiixtapoaitiou 
on a spectrograph slit 10 or IS alternate beams of light from An 
absorption cell and a comparison cell. The comparison beams were 
reduced in exposure time by a rotating step sector with steps corre^ 
spending to the various beams. A multiple spcctrogi‘aph slit, con- 
sisting of a series of apertures of different widths to provide variation 
in light intensity of the comparison beam and a single aperture of the 
maximum width for tlie specimen beam, is used by Kipp and Zoiion 
in a simple apparatus for photographic absorption spectrophotometry. 
Otlier mctiiods include the use of multi pic -aperture diaphragms of 
fixed aperture in combination with wedge or step cells, multiple- 
aperture diaphragms of variable aperture, and so on.*^' 

14.22, Considerations Governing Alignment and Illumination. 
Critical attention to optical alignment is important (sec Chapter fi). 
Some spectrographs and photometers are equipped with optical 
benches to simplify alignment procedures. If the fittings that sup- 
port absorption cells are adjustable, care should be exercised to see 
tliat the cells are centered in, and parallel to, the beams in which 
they arc placed. 

Condensed spark sources, frequently used in photographic spec- 
tra pliotometiy, may deposit evaporated metal on near-by areas. 
This debris must be cleaned, at regular intervals, from any optical 
surfaces on which it accumulates. Spark and open-arc sources 
should be retrimmed and realigned before the electrodes show appre- 
ciable wear. If a shutter is used to control exposures, it should bo 
placed between the source and the specimen so as to minimize tlio 
possibility of photochemical effects on the absorbing material. 

The possibility of errors resulting from .syncliroiiizatioii between an 
intermittent source and a rotating sector may be eliminated by using 
a discharge tube or arc source operated on direct ciirrent. In a cir^ 
cuit with comparatively high capacitance operated from a 60-cyclc 
AC transformer, trains of sparks may occlip only once in each liidf 
cycle (that is, 120 times per second, corresponding to sector rotations 

“ n. O’liriea, Phys. Rev., 37, -i71 (1931). 

^ F. TiTyinuii, L. J. Spencer, ami A. Hnrvey, Traiift. Opt. Soc. (Lomlon), 33, 37 
(103*). 

"A- Harvey, Science Progresit, 27, 050 (1033). 

O. E, ^Sliller, Rep, Sci. luai., 3, 30 (L032), 


ABS O [I irr rON SP12GT i\0 PHOTO M CTTR Y 


397 


§14.23] 


of about D to 30 deg). Under such cii'ciimstanccSj the lIluiTiiiiiLtion 
of t]ie different aspects of the sector throughout a single rev'^olution 
may be quite different. An averaging out to yield approximately 
uniform integrated illuiniiintion of the sector openings during the 
exposure may be assumed only if the sector rotation is not synchro- 
nised with the alternations of the AC supply and if many revolutions 
of the sector take place during an exposure. Similar considerations 
apply if an AC-operated dLscharge tube or arc is used (or any other 
source operatcti from alternating current or low-frequency inter- 
rupted direct current). 

J3irt on the spectrograph slit is Gspceially troublesome in methods 
of photographic photometry in which spectrograms arising from 
dilferent portions of the slit arc to be compared. Uaclc of parallel isin 
of the slit jaws may also introduce errors in such instances. 

14.23. Choice of Density In Specimens; Determlnatloa of 
Match Points. The greatest accuracy In matching or measuring the 
plates is attainable if the specimen lias comparatively iiigli dcjisity 
values. On the other liaiid, the accuracy of some photometers (for 
exainplcj sector photometers) is somewhat decreased at the highest 
<lcnsity values for which they are calibrated. GockI results are 
generally obtained with specimens that have a maximum density, 
within the spectral range to be moasured, of about 1.3 for sector 
photometry ami of about 1.8 to 1.0 for photometry with the Spokker 
instrumciit. Sam])Ic.s of higher density may be measured with the 
notched echelon cell, the simple method described in § 14.10, and 
certain other photometric methods. 

The a])]>i'opriate concentration and cell length to yield the optirniim 
maximum density may bo computed in advance for .solutions of sub- 
stances whose concent rati on and absorption characteristics arc 
known. If either the concentratioii or the absorption characteristics 
of the .solute arc unknown, one or more test plates must be taken to 


determine the concentration aiifl cell length to use. After some 
experience, a rapid visual cxainiiiation of the plate will siilTicc to 
indicate, very closely, what changes in concentration or cell length are 
required. Altoniativcly, test plates may be taken with sevenil 
different cell lengths. 

The final pinto in split-beam photometry is usually taken with n 
miisiderahle riiiige of density settings, at density intervals of about 


0,1. l*\)r greatest 

0.0.5 iniiy be used ; 


]jre<‘isioii in density determiiuiLlons, intervals 
closer settings are of little assistance. 
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The deterinination of the positions of match points on adjacent 
pairs of absorption and comparison spectra may be acconiplislicd by 
observing the plate directly or iindci' a magnifying glass, the match 
points being marked with ink spots. This procedure is tedious and 
difficult for many persons, even when apjiropi'inte viewing stands and 
illumination. sy.stems are provided. Some woi’kers ])rcfcr to iwc paiier 
positives, at 4X to 6X enlargement, for the visual dctcrniiiiation of 
match points. Others pi'efer to project the jjiates screens, at 

many times enlargement, detcnniiiing the match ]3oiiits on the pro- 
jected images. If the plates are projected tlii’ough tracing cloth or 
paper, the match points may be spotted on tlie reverse side, so na lo 
yield a permanent record. 

Better accuracies in visual matching may sometimes be attained by 
determining, through interpolation, the densities at particular wavc- 
IcngtLis that correspond to match values, rather than by dctennimiig 
the wavelengths that correspond to match points for each particular 
|3air of spectra. Photoelectric densitometry may also be cmployecl 
(sec Chapter 13). 

14.24. Precision of Determination of Wavelengths and Densities. 
Spectrographs for photographic absorption sjjectisophotoinetrj^ arc 
usually eepupped with built-in tran.si3aT‘Gncies by means of u'hich 
scales of wavelengths (or frequencies) may be printed directly on the 
plate while it is In the spectrograph. Ordinarily, a .scale is printed 
at the to]j of the plate, and again at the bottom, and the wavelengths 
of positions on the intervening spectra arc determined by placing a 
straight-edge across the spectra and corresponding marks on the two 
scales. This method involves erroi’s of the positioning of the individ- 
ual spectra on tJie plate, as well as errors in the scale anti iLs ])o.sition- 
ing, but it is sufficiently accurate for much absorption work. It is 
well to check the positioning of u built-in .scale by comparing it with 
the known wavelength.s of a line soui'ce, such as a iiievt.'iiry artr, before 
rel3'ing on it for wavelength tie termination. AVheii the greatest 
wavelength accuracy is desired, a line .source inaj'" be employed niicl 
wavelengths may be determined Frt>m the lines and from iiiterpoliiLion 
between them. If a continuous source is used, a line source iiuiy be 
photographed on the same plate for Avavelengtli call firat ion. 

When match points nre determined visually, the precision al Iain- 
able is primarily a function of the ability of the eye to distinguish 
between dili'crent brightness lev'els. The ]>refisioii of concent ration 
detenu in at ions is about =^1 per cent ut a tlensitj' of 1.0 or ^0.5 per 
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cent ut 11 density of ®.0, if n method is used in which densities are 
determined at ]>arbieiihir wavelengths. In general, an error of 
about =*=1 per cent may he expected if high density viilac.s arc used. 
I^e term! nation of mate!]) points by photoelectric densitometers may 
decrease the detectable density increment, AD, by a factor of 10 
or niore.®^ With such an increase hi the precrision of inateh-^poiiit 
dctcriniiialion, other errors, sucdi as tliosc of ]>hotometcr calibration 
and adjusLinctit, ii.siia11y become limiting. 


PH OT( me AllSOllP'J^ION SPJSCTllOPIIO'rC )M ETRY 


14.25. G-eneral Considerations. Photoclcc:Lri<! and thermoelcc- 
Lrie photometry are discussed in detail in (yliiL[»tc]' X^. PlioLoelectrie 
pi lo Lome try is used extensively in al).sorpbioii spccrbrophoboinetry of 
the ultraviolet and visible; tJierinoclectric photometry, in the infra- 
red. 

Photoelectric absorption spectrophotometry usually niakes ii.se of 
jdiotocell.s as radiation recreivers either to measure the in tensity of 
ratliiitioLi in .speirinieii and coinpari.son beams alternately at a succes- 
sion of wavelengths, or bo determine when an equality of intensity has 
been csbablishe<l, at ea<;li of a series of wavelengths, between specimen 
and cninparistni beams in (»ptical null met lux Is op photometry. In 
either of lliest; iiieLliods, two important problems arise: that of 
at-liieviiig siifTicieiit freedom from stsillereil light in the dispersing 
sy.sLeiii so that the photocells (wliich usually have markedly differmit 
seiisiLivil ies at din'ereiiL wii veleiiglhs) are not unduly iiifliieiu'etl by 
sni tiered nidiiition i and that of providitig a .siifncrieiilly low threshold 
of response in the phoLnc'ell-unqdifier-iiKlif'iiLor system (in terms of 
nidiuiit power rei pi i red lo prodiic'c a signal ctpuil to the imckgroinid 
noise level) to ])ertnib iiu^asureiTictils bo be made with a high degree 
of s|>e<'tral purity at low light levels. 

Sciiltcrcd liglit is a juirLiciilarly troiihlesoinc^ source of error when 
meiisiireineiits are made in a spec^lral region ftjr wliich the ])lu)toce[l 
sensilivily i.s low and in the presence of scattered radijtlion for which 
its scii.sitivily is high. Insofar as pracl ic-ahlc, Ihercfore, pliolo(*ells 
should he clifj.scn lo have at least as high seiisili vity in the range lo be 
ttu^asiirccl jus oiilside this range. 'To ajjproxiinale Mils coiidilion, it is 
])ossihle I (I use I wo or more plicrlcx'ell.s of difl'cn'eiiL cha racl eristics to 


I'’, 'rw.viiinn iiiul Ci. !•'. I.(il]uiiii, Prw- Piif/n. tS^w. (Ijcniflon). 45, ni:i (1f)5a). 
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cover the spectral range 10,000 to SOOO A (see Cliapter 12) and to 
supplement them witli filters to modify their effective response cliar- 
acteristics within certain regions. Below 2o00 A the situation is 
particularly difficult, since both photocell response and availnhlo 
light intensity are usually low in this range. 

Brroi's resulting from scattered light may be reduced by using a 
suitably designed double monochromator (Chapters S and 4). 

Photoelectric absorption spectrophotometry requires a light flOiirce» 
a dispersing system, a specimen holder, and a photocell and acccs-sory 
electrical components. The possibility of making measurements with 
narrow bands of comparatively high spectral purity is facilitntwl by 
use of sources of high steradinney, dispersing elements of large area 
and high angular dispersion^ and .sensitive pJiotocell-iuiiplifier systems 
with low noise level. Choice of an appropriate light source was dis“ 
cussed in § 14.6, 'file dispersing .system is usually a moiiochronmlor; 
various suitable monochromators are described in the following 
discussions of individual type.s of spectrophotometers as well its nt 
the e]id.s of Chapters 3 and 4. Except in certain optical null lucthocls 
and automatic recording instriuncnts« the specimen holder is liJiually 
a movable mounting by means of which absorption and cojnijnrlson 
cells can be shifted alternately into the light beiini between the pliolu- 
cell and the moiioehromatov exit slit. Pliotocells, ainpUncr.s, and 
iiiea.su ring iiistriiments are disciis.sed in Chapter IS. 

14.26. Polnt-by-Point Instruments for Relative Intensity Meas- 
urements. With instruments of thi.s type, sejiarate determinations 
of the relative intensities of the specimen and coinparison beams iiro 
made at eac-h wavelength for whicli iiieasiircincn ts of /a-Z/u 
logio are desired. 

The JBeckmati spectrophotometer (Fig, 14.13) is an exniiiplc of a 
commercial in.struniciit in this category designed to cover the range 
10,000 to 3000 A. It employs a quartz prism of the 1^1 1 trow lyi><J 
with a concave mirror of 50 cm focal length for colliiuntioii. The 
relative aperture of the system is about //ll. Two ligliL sourews arc 
used : a 33-can dl e-power, fl-volt automobile headlight bulb, for 
nicasureineiits from 10,000 to 3900 A, and a hydrogen discharge tube, 
for extension of the short-wave limit to about 3300 A. The wave- 
length .scale is calibrated to 3000 A, but the practicid w<3rkiiig iiinit 
of the instrument with present light sources is soinewlnit less when 
sid^.stances having considerable absorption in this region nrG 1 icing 
measured. Filters are used to reduce stray light in various sjKjctral 
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rcji^ons. It is clnimed that stray light can be kept below 0^2 per cent 
tlirougliout most of the 10,000 to 2000 A I'ange. Two photocells are 
employed, one for the region above G5360 A and one for that below. 
The photocell circuit consists of a two -stage direct-coupled amplifier. 
An output meter indicates when the potential developed by tlic 
pliototubc current has been balanced by an opposing potential from 
a slide-wire potentiometer in the input circuit, Tlie potciitLometer is 
calibrated in i^er cent transmission from 0 to 110 and in densities 
from 0 to 2.0. 



FJg. 14 . 13 . Bockman photocloclric quartz spoctropholoineter, moniifactured 
by National Tochnlcal Laboratories, South PasaefotfAg Calif- TIiIh iiii^Lrii incut Js 
aLi«o oliLiiiiuible with gluNn opLicH. 

To opcralc I ho iiistruinciiL, the ^vaveU^ngLll iLt whioli ImnsiniHsioiL 
is to bo (loLoriiiinotl is first soloctcfl by incjiiiH of a calibraLctl dial that 
<roiitro|s the angle of the ])ri.siti I'clativc to the c^olliiiiated heiim. With 
tlic slide wirt! adjustcjcl to <;orrc,s])oncl to 100 ijcr cent and the Ivcniii 
passing bh rough the comjMiriscni cell, the slit width-s and the seii-sitivity 
lire? then ail justed until a null reading is obtained on the output 
meter. Next, the cell crontaiiiing the absorbing s|>c(?iiiien is shifted 
into the beam and the potentiometer is adjusted until a null reading 
is again oblaiiied. The iHii* cent Lrarisniission, or deii.sity, at the 
wiiveleiigUi in ((Ueslioii may then be read directly from the slitle-wii*c 
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scale. In such a reading, it is assumed, of course, that the photocell 
current is a linear function of the intensity of radiation incident on it 
and that the slide wire is uniform. 'Tlie accuracy with which 1^ can 
be determined is about =**1 per cent of fo or better throughout most 
of the spectrum, pi'ov'ided sufficiently large slit widths are used. T'o 
achieve high accuracy in transmission ineasuremeiita, it is often 
necessary to use slit widths corresponding to spectral baud widths of 
about 50 to 100 A at lialf-maximuni intensity. In order to inonsnrc 
samples tliat transmit less than 10 j>ei‘ cent (D greater than 1,0), the 
sensitivity may be increased tenfold to permit use of the full poten- 
tiometer scale for transmission nieasurcinents from 0,1 to 10 per coni 
{D from 3-0 to 1,0). 

The Ooleman clouble-rnonochromator spectrophotometer employs 
two transmission gratings in tandem as the dispersing system and a 
storage- battery-operated, SS-wntt Incandescent lamp as the light 
source, to cover the spectral range 10,000 to 3500 A- The use of 
two gratings reduces the stray light to less than 1 per cent on the 
average. The potential developed by the pJiotocell current in an 
adjustable decade resistor is balanced against an opposing potentini 
from a potentiometer. Null settings are determined with the aid of 
an electronic amplifier os in the case of the Beckman instrument. 
Adjustment (at any particular wavelength) for 100 per cent reading 
on the slide wire, with the comparison beam incident on the photocell, 
is accomplished by means of the decade resistor. The slits arc of 
fixed width, corresponding to sjjcctral band widths of 300, 150, 75 ► 
or 50 A. The accuracy of determination of /* is ±1 per cent of Jo or 
better, depending on the slit widths used, except at the extremes of 
the spectral range. The potentiometer and electronic amplifier nre 
extcrnnl to the monochromator. It is possible to use n pH meter 
to supply these components. 

The Coleman single monochromator spectrophotometer (I^ig- 14.14) 
is of somewhat simpler design, employing a single transmission 
grating as the dispersing component and a barrier-layer photocell, 
connected to a sensitive galvanometer, ns the radiation detector. A 
wider band width must be used than in the case of the double mon«>- 
chromator under .similar conditions, but the in.strumejit is consider- 
ably simpler and more compact. The photocell response may he 
read directly on the gnivaiioraetcr or determined by lueaits of a 
built-in po ten liome trie circuit. 
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Tlie Cenco Spectropliotclometer (l^ig. 14,15) miikcs use of a concave 
ropllcn grating in a moclificcl Eagle inoimbing ns the dispersing systein» 
an incandescent lanii> ns the light source, nn<l a barricr-lnycr photocell 
and galvanometer as the radiatioii'Scnsitivc rcccivcr ami indicating 
system, Fixc<l exit slits of 200, 100, or 50 A. band Avidth are used. 



Fig, 14,14. Photoelectric sjicctroplio tome tor for tiio rogion 3500 to 10,000 A. 

iMiuiiiriictiirt'd \ty ('ftltMiDiii I rislriiinoiiirt, Iik;., 111 . 


The A'aliie of /j. /u al a i>arl i(‘ii]ai' wii-veleiigth i.s ilelerinimvl from 
successive readings of I he galvanometer with llie ,speciineii and coni- 
parisoti hejinis incident on Liie ptiritocell. 'J'lm spectral range coverc^fl 
is 1 0,000 t o 0500 A . 


riie eclitiinereial iiistniineTii.s <h*sc'i‘i1ied are lypieiil of those used 
miitinely in elicMiiieal. hioelieinieal, and biological [aboratnrie,s, Tn 
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order to obtain sufScIent transmitted light for accurate transmission 
measurements, they nil require entrance and exit slit widtlia corre- 
sponding to a lower order of magnitude of spectral purity (50 to 800 
band width) than is usually achieved in photographic spcctrophotoni- 
etry (1 to 5 A band width). Although the use of a wide band elimi- 
nates the possibility of observing fine details of absorption or of 
obtaining true measurements of substances having very narrow ab- 
sorption bandsj the convenience, moderate cost, and case of operation 



Fig. 14.15. Spectrophotelometer employing a concave repUca grating In ft 
modified Bagle mount for photoelectric absorption spectrophotometry In (he 
range 3,500 to 10,000 A. Mmuifacturcd by Conlrnl Scieiililic ("cim putty. C'liicago, 


of such instruments make them extremely useful iu routine iiiiiilyticii) 
work. 

Many point-by -point photoelectric spectrophotometers have been 
designed and used by iiidividunl research workers. 'The Cicrnian 
investigators (Pohl, JCulin, Smakuia, and others) were pioneers in tl'c 
application of this method of spectrophotometry. A imnilK!!* of 
interesting designs of instruments, each witli certain novel fcnturcs, 
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have been (icijcrihecl in recent The type of spec Lroplio tom - 

cter developed by Hogiiess luid liis associates, which is capable of 
measuring 7, with an accuracy of 0.2 per cent of In with slit widths 
limiting the transinission band to 10 A or less, is an example of whnt 
can bo done by careful attention to details when low cost, compact- 
ness, and .siiTijd icily ai'C not essential. 

14.27. Photoelectric Null Methods: Nonrecording. Photoelec- 
tric cells may he employed in mill inetliods of .spectrophoLometry to 
determine when two beams of radiation or two In lives of n plio tome trie 
field are matched, using any of the usual optical metliotls of varying 
the intensity or intermittent exposure of one or both beams (pohiriKiiig 
prism.s, rotating sectors, diaphrngmH). Several such iirrangeinents 
have been suggested and used by individual worker.H.®"* The 
optical null method lias the advantage of involving no nssunipLions as 
to the linearity of photocelts, iiiiiplifiers, and itidicTaling iustruinent.s. 
It has the di.sadvantage of being limited in its jirecision of dctenuiiiing 
Ix/Iq by tlic aecimicy of the optical device iiseil to halniicic the two 
henni.s. 

The Ililger photoelectric specti'oj)1iotoineter (Fig, 14.10) employs 
two gas-filled photoeell.s f!onne(rte<l in opposition to a LimlcMiiatin 
electrometer. A collimated heiini of light from the rnotiocdiroina tor 
is ]}artin]ly reflci^led into one pholocrcll by u (|iiarL/. jthiced at un 

angle to the heain. The remit iiidc'r of the light piis.sc.s l.hroiigli a 
rotating sector of the cyliiidriciil lype (which may l>e jKiju.sted while 
ill iiiotioii) to l.lie second photocell, 'riie viiliit' of logi^ lit a 

particular wiivelcnglh is dclcrniiiictl froiii llie (wo sector sellings re- 
(jiiired to achieve a null reading of (he elect roriit4(‘r with,' say, ii 
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solution cell and a solvent cell in the beam. The monochromator 
employed ia of large aperture (approximateIy//4 tof/0, depending on 
the wavelength) and of high dispersion (equivalent to n train of four 
60-dcg prisms), and has interchangeable optics of quarts!, glass, mid 
rock salt for work in different spectral regions. Because of the large 
monochromator aperture and the sensitivity of the photocell -elec- 
trometer circuit, comparatively narrow spectral band Avidths may be 
used. The precision of density determinations (limited by the 
accuracy of the sector) is said to be about 0.004 for densities near 0.43* 
By using suitable photocells for different regions, a spectral range of 
1£,000 to 1860 A can be covered. 



^8 


Fig, 14. R5. Optical systom of niilt type of photoelectric photometer developed 
by Adam Hllger, Ltd., London. S, sliL; Lj niicl Ls, colM milling find focusing 
lenses; Ci and Ca, absorption itnil comparison cells; Q, c|iiArLsf jjlntc; Pi and 
pliotocclls; iS. rotating sector; i1/, motor. 

14.28. Automatic Recording Photoelectric Spectrophotometers* 
The earliest successful automatic recording spectrophotoineter is that 
of ITnrdy,*®^^ of which a commercial model is manufactured by tlic 
General Blcctrie Company (Fig. 14.17), It i.s designed for transmis- 
sion or reflectance measurcnients in the visible region. It etnploys ii 
method developed from that used by Dobson and Prefech,"*® ill which 
the absorption (or reflection) and comparison beams are allowed to 
illuminate a single photocell alternately in sucli a iijann.er that a 
fluctuating current is set up in the photocell circuit unless the two 
beams are of equal intensity. Ho bating mechanical shutters were 

A. C. Hnnly, Jonr. Ojrf. Soe, Am., 2S, 305 (1035). 

** A. C. Hardy, Jour. Opt. Soc. Am„ 28, 300 (1038). 

J. L. Michiicliion, Jour. Opt. Soc. Am., 28, 305 (1038). 

“ K. 8. Gibaun nnri II. J. Keegan. Jour, Opt. Soe. Am., 28, 373 (1038). 

■**G. M. B. Dobaon and D. S. Prcfecl, Phoioelecirir Celln and Their Application*, 
Pages 79, 174, 185, London; TJie Physical .Society, 10.30. 
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used to alteTnate the beams in early instruments employing this prin- 
ciple. In order to obtain smootlier transition from one beam to the 
other, Unrdy’s system makes use of n rotating Itochoii prism lo 
alternate the beams, these having been polarized perpend iculnriy to 
each other by prior passage tliTOugh a fixed Wollaston prism. When 
the beams are unbalanced, the alternating current generated in the 
photocell circuit is applied, through a suitable amplifier, to a control 
011*01111 tliat causes a motor to rotate a second Rodion prism in the 
beams until they are balanced. The direction of rotation of the light- 
balancing motor depends on the phase of the al tenia tions of tlic 
unbalanced beams and is always such as to compensate the inibalftiice. 
The recording pen is coupled to this balancing mechanism.. 

The principle of this optical null method is the same (is that of the 
liCt5nig-]VIartcns type of photometer (§ 14.11), except that balancing 
is acliievcd and recorded automatically instead of manually. A 
doublG-prism glass monochromator is used. The spectrum band is 
shifted continuously by a motor-driven cam mechanism while the 
wavelength axis of the record chart is correspondingly shifted with 
respect to the recording pen. A curve of absorption or traiisiii ission 
throughout the visible range is plotted automatically in from ® to 
5 min. The slit widths of the commercial instrument normally cor- 
1‘espond to a spectral band width of 100 A, but special instruments 
may he obtained for operation at 40 A band width. The precision of 
determination of la, is considerably better than dzl per cent of /o. 

Brode and Jones*® have described methotls for adapting the Hardy 
spectrophotometer to measurements in the ultraviolet, using a quartz 
prism in a Wadsworth mounting as the dispersing system. They 
have employed both rotating aluminized reflection sectors and 
rotating polarizing prisms for chopping the beams. In the former 
case, adjustment of relative intensities was accomplished by a vniic 
photometer ; in the latter case, by polarizing prisms. 

The automatic recording spectrophotometer designed by riarrisoii*' 
and improved by Harrison and Bentley*® (I'ig- 14.18) will measure, nt 
high sp>ced, transmissions or densities throughout the range, 0700 to 
S300 A with spectral band widths of 1 A or less throughout most of 
this range. Thus an eflFcctive resolution is attained which coinparcff 

W. R- Drodc and C. H. Jones, Jour. Opt. Soc. Am., 31, 74.fJ (10-H). 

** G. ll. llarrUon, Proc. Sixth Summer Conf. oh Spcctrotfcopi/, U)HS, paj^o 01. Mew 
York: John AVitey & Son.s, Inc., 1030. 

■“ G, R. Harrison nnd 12, P. Bentley, Jour. Opt. Soc. Am., 30, 200 (10+0). 
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favorably with that achievable under optimum conditions in photo- 
graphic spectrophotometry. The precision of measurement of /*, 
about ±1 per cent of /o, ifi limited, in all but the extreme ends of the 
spectral range, by the precision of the mechanical and optical com- 
ponents of the photometer rather than by the sensitivity of the 
photocell-amplifier system. 

The 3-ineter concave grating employed (which is ruled, 15,000 lines 
to the inch, on an aluminized gliuss blank) gives a plate factor of 5.-5 A 
per millimeter, almost linear with respect to wavelength. The en- 



Fig. 14.18. HarrJson automatic recording photoelectric spectrometer for the 

visible and ultraviolet regions. 


trance and exit slits arc adjustable in whlth from 0 to ^ min. A 
110-volt coil-filament iiicandcaccnt lamp \a used from 1)700 to 3400 
A and a liigh-pressure mercury arc (O.IS. TT~(i) from 3400 to 2300 A. 
The raclialion receiver is an ll-stagc pliotoiniiltiplier tube, connected 
to a “memory unit** incorporating a 0.01 inf coii<lcn.sei‘, tlirough iin 

n])]}rop]'iiiLc amplifier. 

Ill opemlion, the inono<‘hromatic light beam from the exit slit is 
]>as.scd alternately Ihroiigh the absorption and comparison cells by 
an oscillal.itig bipristii, wliile a so<4oi“ rotates in front, of the ciitninee 
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slit in synchronism ^ith the rotation of the drum on. which the 
recording; chart is wrapped. With the specimen beam incident on 
the photocell o- potential corresponding to the beam intensity Is 
developed across the condenser in the iticinory circuit. Thi.s polcn- 
tial is stored while the Goiiii>aL'ison beam is shifted to the photocell and 
the variable-width portion of tjic sector is rotated before the cnlraticc 
slit. As the intensity of the comparison beam increases, the potential 
developed in the pliotocell circuit increases also. When it cciiinis Ihc 
stored potential (that is, when the intensity of the comparison beam 
has been matched to that of the specimen l^eain), a thyratroii trigger- 
ing circuit causes a point to be marked on the recording chart at lUe 
appropriate density or tran.s mission value. A separate motor drive 
automatically shifts the wavelength of the tran.sinitted band, and llic 
corresponding position, of recording on the chart, at a maxiinuin s|}ccd 
of 100 A per second. 

Xhe system is inherently low in scattered radiation. To dcercsRC 
further tlie effects of stray light, filters are ititerposed autoinalic’ally 
ill the incident beam when measurements are being recorded in the 
various wavelength regions. The optical null method used involves 
a time delay, less than 0,05 sec in normal operation, between evalun- 
tion of the intensities of the specimen and comparison beams, 

I-I. Cary“ has developed an automatic rec'ording pliotoclctdrie 
spectrophotometer for the visible and ultraviolet regions which is 
inamifactUTcd by the Applied Physics Corporation (Pig- 14, 10), It 
employs n double-prism monocli*pomator to obtain high dis{.)crsioii 
and fi*cedom from scattered radiation. The light beam is 
at 00 cps, and the radiation receiver is a photomultiplier tube. The 
output of the photomultiplier is Fed through an electronic 4iin]9liflct 
to a strip-chart recorder of the type used with infrared spcctro])hotoiii- 
cter.s. Except in the extreme ultraviolet, half-intensity band widths 
as small as I A may be used with this iiistrumenb. 

These examples indicate the trend in iustriiiiient design, whiirli is 
toward both automatic recording and improved effective .spcclrnl 
resolution. 

14. 2&. Abbreviated Absorption Spectrophotometry and Fliiorluie- 

try. In many routine analytical chemical procedures, it is elcsiraljle 
to he able to determine the coiicentnibioii of a single subsLaiico in a 
solution by means of such optical pTOperties as color or flnoi‘CScciit?e- 


” 3nd. Kiiff. deem., 3Q, 7.1A (1047). 
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ABSOnPTION SPECTROPHOTOMETRY [§14.29 

XhougJi it is entirely feasible to employ .spectrophotometers of ihe 
tyi^cs previously described for quantitative analyses by this iinclliod> 
it is often customary to use siin]>ler devices, variously kiiowi as 
pftoto electric color imel&rSt ohbreviated absorption spectrophoioinGlers, or 
absorptioTticters for tJiis purpose. These employ o])tical filters 
(§ 14.30) or simxde dispersion 3y.stems for isolating the spectral band 
with which ti'aii sinissioii incosureineuts are made. In general, the 
band, width employed is large (from 200 to 400 A or even more) ; 
hence it is preferable to base the determination upon, n cnlibratioii 
curve rather than to assume tliat the Lnmbert-Eeer law applies. 


Fig. 14.20. Typical photoelectric absorptlometer (colorimeter) of the illter type- 

Ma 11 iifnc Lured by E. Lcit*. Inc., Now York. 



jMaiiy designs of absorptiometers are available (Eig. 14.20). 3?«r- 

tlicr information regarding the technique of ])hotoelectric absorp- 
tiometry will be found in Geuernl Reference 14.3, 

l.he concentration of a substance that fluoresces in solution when 
excited by ultraviolet radiation maj'' be determined by photoelectric 
measLireiuent of the inteii.sity of the fluorescent light-'^’ In eom- 
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I'joufbourow 
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portioiial to the intensity of fluorescence for cons tn Lit intensity of 
exciting radiation : 

c = AT/ (14.13) 


where o is the concentration, in suitable units, A is a constant, and 
2y is tlie intensity of fLuorcscencc. If relative values of 7/ are meas- 
ured witli, for example, a barricr-lnycr photocell mid giilviinomctcr, 
and if the photocell galvanometer response is proportional to 7 /, then 
[provided Eq. (14.13) is valid] : 


ill 


Jh) 


9i 

Ti 


C2 


ra 


(14.14) 


where c is the conccntrntlon in an iinknc»wii .sample, /?. niid lib arc, 
respectively, the galvanonieter readings with the sample and solvent 
alone ill the cell, and ri and -ra arc calihrLition readings of the gal- 
vanometer corresponding to known conceiitratitnis Ci mid Ca. In 
order for Eqs. (14.13) and (14.14) to bo approximately I'-alid, it is 
necessary 111 at the .solution concentration he such that only ahout 
10 per cent of the exciting roiliabioii is absorbed in the solution. 

Excitation of fluorescence ill fhiori meters is usually produced hy 
radiation in a spec: t ml band includLLig the 30,90 A. mercury line. 
Iligli-prcssiire incrciii'y arcs of the tyiio described in Cluipter 8 arc 
•CO liven lent sou rc res of such radiatiem, and glass optic's transmit it 
freely. Quartz-mercury arc-s and quartz oj)tic;s arc used in certain 
iiistriiineiiLs to extend the range; of the; exciting radiation below 
3400 A. Tt is iie(w;ssary to eliminate; visible light tm ellectively as 
po.ssiblc from the e;xcilitig radiation, siiic;e the riii(3re;scciicc to be; 
itioasurcel is firiinarily in the visible; range. 'I'liis re^diie'Liem is oecoiii- 
pli.slu;d hy suitable; primary filteu's (§ 14.30). In geaie;!’!!!, the more 
efTcclivc the; primary nite;r i.s in eliminating visible raclialioii, the less 
cfl['ee;tivc it is in traiisiiiilting exciting raeluitie3ii. 

It is also necessary to e;liniiiiate rcsfjotise of Llie jihotocell to the 
exciting mdiiibioii insofar as practicable;, by the; ti.se; of sec^onchiry 
filters (§ 14.30) and u.siia11y by phuaiig the; photexa;!! at riglit angles U> 

the exciting bciLiii. Se;coiiilary fi]t(;rs fen’ absorbing stray exciting 
radiation may coiiv'e;rt an a]>prc;cia]i]e fraction of the; ahsorluMl radia- 
tioii into fliiore;sce;nt light in the visible; nitige;. It is therefore usual 
to follow Llie; ultmvio1t;l-aliso]'bi]ig filte;r liy one; or more iidelitioiial 
filters to absorb the fluori;s(;c;tie:c; e;x(;itc;rl in the; first fi1U;r. Eve;ti with 
the best of primary and se;condnry filter combi tialion.s, stray vLsibU; 



414 


ABSORPTION SPECTROPHOTOMETRY 


C§14.30 


and ultraviolet light usually falls on the photocells in siifBcient quan- 
tities to caiLse appreciable readings with a “blank*’ (cell contnitiing' 
solvent only) in the beam. Hence a correction must be made for the 
reading with the blank [/?*, in Eq, (14.14)]. 

14.30. Optical Filters, As indicated in § 14.^0, optical filters are 
frequently used in absorptio meters and fiuorimeters for isolating de- 
sired si>ectTal regions. They are also used extensively to obtain 
approximately monochromatic radiation for photochemical or photo- 
biological investigations, and to reduce the effects of stray radiation or 
un desired spectral orders in dispersing .systems. 

The three principal ty^ies oF optical filters depend for their opera- 
tion, respectively, on selective absorption, interference, and selective 

scattering. Of tliese^ selectively absorbing filters are most widely 
used. 

Selectively absorbing filters may be solids, liquids, or gases, tlic 
first being the most caiivenieut to use, jMnny ty] 3 cs of colored glossas. 



ZAO 280 320 


560 600 640 


Fig. 


360 400 440 480 520 

Wavelength, Millimicrons 

14.21. Transmission curves of typical glass filters. Mumifnctiirod l>y the 

C'orning Gliiss Company, Corning. N, Y. 

having difierciit selective-absorption characteristic's, are available for 
use as optical filters in the visible I’egion, and to a so mewl] at lesser 
extent such filters are also applicable to the isolation of spectral 
regions in the ultraviolet and iienv infrared. 'Craiisiiiission ciirvcss of 
a few typical glass filters are illustrated in Fig. 14.21. GlitHs filter.s 
manufactured by the Jena Optical Works, Corning Glass C'onipimy, 
Enstmaii XCodak Company, and others are available in wide variety 
and detailed data on their transmission cliaractcristics will be found 
in the catalogiie.s of their respective uianufactiircrs. Solid filter.s may 
also be made by imbibing absorbing materials in gelatin or ud.soi'biiig 



them oil collophane. These arc often mounted between protecting 
covers of gloss. Such filters tvre obtainable from distributors of 
photographic and stage-lighting equipment. 

Liquid filters (including solutioii.s) provide n greater variety of 
transmission character is ti(;s than do selectively absorbing glosses. 
Tbey must, of course^ be used in suitable cells with window’s trans- 
parent to the radiiition to be traiiHinitted- Gaseous filters 01*0 occa- 
sionally emjiloycd to isolate spectral banils in the ultraviolet but arc 


Transporenf 

dielectric 


Cover 

plate 



Reflecting 
metoHic films 



-so 





( 


' 






L'l 

1 


H ■ 


1 

■ “ ■ ■ ■ ■ 


1 








400 4 M SOO 550 600 650 
Wavelength, Millimicrons 

(b) 


Pig. 14.22. Interforonco Alters, (ii) jMellmd of coiiKtriicLioii. (b) 

( riiiiMiiiissidii eiirvu.s. 


seldom use<l in the visible region. Again, tlioy require the use of 
■suilitble filler cetls. 'rraiisniissioii iliita for lirpiids, so) u Lions, and 
gases siiiluble for use as filters wit] be found in 4*cini|)ilnliniis of ahsorp- 
Lion .spcc'lra, incl tiding (huieriil Iterereiic^cs 14.7 an<l 14.K. 

liiterfereru'C filters rlepencl on the same print ‘irde as tlio Fabry 


iintl Perot etalon, tlesc'Hlied in (^luiptcM* 40. ^riiey r'oiisi.st of two 
partially reflecting evaporated metal filniK, siqianitcrl by a transparent 
-Spacer of eva[)c>niled dielecLrie, Logit. her with glas.s protecting c.-overs 
(Fig. 1 1. * 2 * 211 ). Fora given optical path Icmgtii through the dielc^clric, 
tlic iiilerfercMice arising from miilLipIc* reflcv^tions between the metallic; 
films i.s sue 'll as to i’c;sii(L in maxi mu in tmtisnussioii (about *2.5 to 
ii!i per cent) at purliciilar wavelcnigLlis, on eac;h side; of wliic.di the 
Lraiisniission falls nqjiclly to nearly zero (h'ig. 14. ^*21)). fiiterfcu'encc; 
lilLcr.s are avuilulilc; com mere iaily for iiiaxiniiiin Lninsniissioii at any 
wavoleiigllis williiii I he range' 1)700 to 7000 A. '^riio.se with traii.s- 
missloh maxi ilia nc'iir tin; c'luls of this range; have two tranKiiussion 
bauds within this rt;gion, the mi wan led one of wliic.:]i is remove cl by 



416 


ABSORPTION SPECTROPHOTOMnrrilY 


[§li30 


lUe use ol nuxltiary glass filters. Interference filtei*s must be nsctl 
with a collimated beam of radiation. The wavelength position of tlifi 
transmLssion band may be shifted over n considerable range liy 
varying the angle of incidence of the collimated beam on the Alter. 

ChrLstiatisen filters^ based on selective scattering, have long been 
used for isolating comparatively narrow sixjctral regions in Uxo iiifm- 
red, visible, and near ultraviolet (see General Reference 0*1), and their 
use has been extended recently to the ultraviolet region from 3000 
to SOOO In the Christiansen filter, .small irregular chips of a solid 
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Big, 14.23. Transmission curve of a Christiansen filter** for the ultraviolet, 

consisting of quartz chips suspended In a mixture of decaliydronapthalene ami 
cyclohexane. 


are suspended in a medium of different dispersion but with a ixsfracLive 
index the same ns that of the chips at the wa\'elength for which 
inaxiiniim transmission is desired. This coiiihinabion i*esiilts iii 
miiiiniLiiii scattering, and hence inaxiniuiu trails iiiissioii, at the 
specified wavelength. Tlie transmission decreases rapid I 3 ' ii|K)ii 
departure from the optimum wavelength as a i-esult of the increasing 
cliflerencc in the refractive indices of the two media and increased 
scattering of radiation. Christiansen filters must be used in a col- 
limated light beam, and the position of their tr a ns miss ion inuxiiniiiii 
is sensitive to temperature, esiiccinlly if tlic suspending nieclimn is il. 

Viquid. A typical transmission curve of .such a filter for the iillm- 
violet region is .shown in Rig. 14.1J3. 

R* S^inflheiiner nnri J- R. Ix^ufboiinjw, Nature^ IdO, fl74 (lf>47). 
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ABSOUPTION OF SUBSTANCES IN SOLUTION 
14.31. General Remarks Regarding Solvents. The pi-opertic-s 

that must be considered in choosing a solvent are the solubility in it 
of the material to be investi gated, its transmissivity for radiation in 
the region to be exp1oi'e<l, and its volatility. 

It is desirable that the material to be inveHtignted be .soluble easily 
ill the solvent up to the highest concent rati on ii':<|iiired for spectra. 
Other wi.se, errors may ari.se from tlio failure of samples to go entirely 
into solution. If the maximum extinction coefficient of the sub- 
stance is known, the required concentration for ii given density at 
the maxiininn may be computed from the Ijambert-Bcer law [E<j. 
(14.(1)]. Often this conc^en trail on is ex(X!cdiiigly small; hence it 
sometimes ]iap]}en.s that .Hiibstaiiccs listed in the usual handbooks as 
iiisohihle in |>arti<‘uhir .solvents may he dissolved in them in .suffi- 
cient couceiitnitions for absorption s]>eclrni)liotoiuctry. 

The solvents most I'ominoiily eiiiploj'CHl in absorption spectro- 
plu>lonietry are distilled water, nietliyl alcohol, ethyl alcohol, (*liIoro- 
forin, hexane, cyclohexane, (‘arbcni tetrac‘iiloridc, and ethyl ether. 
Unless sjiccially purified, many of the.se sol veil t.s ('ontaiii sufru’ienl 
con cxniLral ions of such impurities lus ketones, aldehydes, and beiiKcne 


to cause ap]>rcciable absf>rj>(.ion in the iiltravioh-t. 'I'lie extent to 
wliicli they must he purified for practical ii.se depends on the s}}ec‘li'id 
region of interest. I ti general, the greatest <*ii.re in soIvctiI ]]iuriri<'a.t ioti 
is roc j III red for work in the region below ?2400 where various factors 
prt?vi<iusly <liscussed combine to tnakc^ iiicasurciiicnts difllciilt. 

riighly volatile solvents, such as ethyl etlier, iiilro<liice possi hilit ies 

result of coiKsm triiticin cthanges brought iilaiiit by 


a 


(jf error as 

evaponiLion. ^riierefore such solvents .should he used tnily if <iMier 
solvents will not serve, and then only with .special prec'aulions against 

evjLporation. 

14.32. Absorption by Solvents i Purification. As indicnied in 

'I'liljlc 14.4, niiiny cfiinmerciid solvents of the best grades are satis- 
factory for measurements to ^4i‘3(l A. Kor w<)rk at shorter wave- 
lengths than those listed lus the iisel'nl limit, only especdally purified 
solvents should l>e used. Some of the solvents listed in the table an<l 


purified for chemical work show absorption obviously at trilMilahle to 
Lraert^s (jf impurities, 'I'liis fat?t is iiulicative of tin? difVerenl rc<(ii ire- 
men ts as to purity for laboratory rejigents and for solvents for ahsoi*])- 
Lion Hpeclroscojiy, Merely because a reagent is i<leal for clicrnic'al 
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purpose^ does not necessarily mean, themfore, that the particiifir 
iinpiirities which are most troublesome in spectroscopy Jiavo becM 
removed to the extent that luigjit be clesii'cd* 


TABLE 14.4 

ArP^ROXlUATB WAVBIrBN'CJTri LlMCT OP tJHBPiJL^VBaS OP VARlOUfl 

Commercial Solvbnth in iJ-cst Chj.ls* 

Siioriejti 

Hoivent 

Distilled wntor (frcim Itiborntory supply) SO 00 A 

Ethyl other 

Hc.^iine, practical, Eaatinnn ICorlak Co iiAO 

Methyl alcohol -ijjOO 

Ethj'l alcohol, 05% gjitfO 

Etliyl aloohoj. ahsoJiito, U.S.P ilSMi 

IXcxane, syiithotici lihstinun ICtitlitk Co. ^^'t50 

CWorofocm «450 

Cyclohexane, pure, Eiustninn Kodak f'o ■2050 

Carbon tetrachloride i^T0fl 

Cyclohexane, practical, EnsCinun Kodak Co. .... siTflffI 


Ivfl-boratorj' 


twice in 




■ WH ■ I ■ r 


usually sufficiently free from absorb inir .suli.st uncos for work to 1W50 


metlio ds 


ployed if the greatest [jurity is desired. 


may be cm 


N sulfuric 


cc 


grams of silver nitrate per liter, refluxed, and disti 
>delds a solvent sufficiently good for work to 2000 

t is dried over nlniTi iTIlini nmnPtvnrVI I-Iia -f'Tirmcii-n'itscilAl 


of 

I tf 


liydmxido 


If tin's 


wavelengths is somewhat iinproved- 

JStliyl etjier distilled once from alkali lias sufficiently good trflas-» 
mt.s.sion characteristics for most work in which tliis solvent is i’er|iiiit?cl- 

1 ^ 1 1 n ul ^ ^ ft.. 


uiiuiiie or Liscrui methods for purifying cyclohexatio, hexane, 

carbon tetrachloride, chloroform, ethyl alcohol, and methyl Jilixihul 
is given in General Heference 14.2. 


ri 1"^“' '^***'^** based on experience of the authors and on the a.s»uniplinn 

la ic JifO lent Aatndd transmit at least 30 per cent *jf the mfliation at iiHcfiii waw- 

rciiflrtlis, a^ee approx into tely ivith those in Gcnenil Itefcroncc l-fc.l, in wJiidi <hilii *m a 
mmiber of iiddiiiwniil cotaiiiiercial solvents nn'il he haiiid. 

(1831) * L. 'J'. Scilipp, Jour. Am. C/icm- ■‘^or., S3, 31>17 



ABSORPTION SPECTROPIIOTOMT^TIIY 


419 


§14.33] 

14.33. Relation of Absorption to Chemical Constitution. As 'vvas 
pointed out in Chapter 11, the electronie spei^tm of nolicLs, liquids, mid 
siibstiirices in solution iis ordinarily observed by absorption speutro- 
pliotometry in the 10,000 to SOOO A region do not show the fine 
stnietLirc observed in the absorption s]>cctrn of suhstanecs in the 
gaseous state. Rotational trAiisition lines are not resolved at all, 
and the vibratioiial band stnietiire enn only be identified elearly in 
special instances. The lack of detail in the .speeLroseo]>ie data, 
together with the complexity of the substances usually studied by 
absorption spectrophotometry, has, in general, iiiade it iniprfU!- 
ticable to work out relatioti.ships of stnurturc to absorption in a 
manner analogous to analyses of the absorption ajicctra of sinij>le 
molecules in the gaseous state. Some progress in this direcLion lias 
been made, liowcvcr,**® and advances may be e.xpected to be nitirc 
rapid ns techniques of measiircnienl and antilysi.s improve. 

h'rom the empirical point of view* a luiinber of gencralissatioiis 
regarding absorbing gi'oups (dcsigmiteHl as '‘chroinophore.H*'; see 
§ ll.R) and their relation to absorption have been worked out, csjie- 
cially insofar ns dyestuffs are concerned ((icntM’al Referemee 14.5). 
C-ertain of these general izations that are particnliirly usoful to the 
pra{rt(('al worker in apjilying absorption specrtroplioLoinetry to 
problems of organic chemistry are suiiiiuarized below: 

1. 'Fo a close ap[iroxiiriaLioM* eleclroiiie iihsnrptioii spectra asso- 
ciiilc^d with unsn-Uirated linkages ot^ciir in the region X > 'aiOOO A, 
whert'tts llio.se assoc-iated with saturaLecI linkages occur in the region 
X < SiOOOA. 


N'l'w 


l''i»r 11 Slim 11111 ry l.o iiIkuiL JO-gl, st'c K. Iv. RriiTK'li iiiirl M. ('iilvin, 77 i/' Thrortf oj' 
Orffofti*’ NfW \’ork: Iru*.. U>H. 

R. Nivl/ki, \'vrhtnuU. tli*» Vervinn ciiwi Hs'Jitrdt'ruMff tivat (lenit'ibvjli'imtrn, 58, 'iiM 

^ J. ]1. (*r>licj|, (irtjfinic Chvmiatinf for Ativunred FiirL ll, ('liii|>U‘i' II. 

Vurk; I jf»]i|{iiiiiiis (■rrcii & ('<>., liu*., in:}}!. 

Forstcr. y.eiinvhr. fy 45, IS (LIKID). 

II. Niiiiiiyii, Chf^m, iivr. JoiutUy 3, V2v2-tn (I1JS7). 

“It, Hrilensmi, N. I. h'islii’r, iiiiil I*'. M. lliiiiifr, Hoff, Stu'. ( A163, 

i:tS (I1K17). 

^ J*'. Priirkiit'i' iiMcl A. Sl(*rn, yiviLwiir, ('Vir/w//', .\1S0, ii;i (11W7). 

(i, N. I.(‘wis amJ M. t'alv'in, iin\, 25, (DKiflJ, 

(r. Sc‘]K‘il)c mill W. rViiiiK't //fi«i/- ./iiArAiii7i di^r rha'in. I'h}inik\ IDflfJ, Vol. U, 

L t!ii. 
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The principal groupings contributing to absorption are the 


foil owing >C=C<, >C=0, 




=N- 


N«=.N 





■N 




O 


N- 



f and conjugated 



>C=N 


or 


N=N 


chains, or rings made up of 
groups (compare Table 11.3)* 

3* The absorption maximum associated with a particular group is; 
in general, shifted toward longer wavelengths (lower frcquciieies) 
when, a substituent is linked to the group; this effect is increased 
with inci'easiiig atomic weight of the substituents.*^’ 

4. Separation of unsaturated groups by two or more .siiiglc-bonci 
linkages usually reduces the influence of .qiich groups on cncli oilier 
to stich ail extent that the total absorption iiiiiy be considered ns tlic 
sum of the absorption bands attributaiile to each of the structures su 
isolated-*®' ® 


5. The mutual influence of unsaturated groups on abHor]>tiuii U 
considerable in structures involving conjugated double Iwiitb- 
Marked absorption is found in structures with several coiijugftLcd 
double bonds in which thei’e are many possibilities for resonance 
(as in benzene, for example). In general, intjreose in the niimlw-r 
of conjugated double bonds results in an increase in absorption iimi 
a sliiftlng of the absorption bands toward longer wavelengths (lowr 
frequencies), ***-“ 

6. The influence of substituents^ especially those of higher atoiiiir 
weight on an absorbing group or a conjugated double bond strnctiw, 
is usually to increase the ab.sorption,*®’ 

7. Changes in the substituents of, or linkages to, absorbing gPOil|i.'! 
as a result of salt formation,®*"®^ association,®®* and so on, may cause 


*'’■ V. Henri, Eitidea de Photochemie, Paris, 1010. 

** W. AiimUlIer, 11. Tromhera. and C. O. Strother, Zeifachr. f. phj/a.' Choiuie, TWV, 

3(1 ( 1037 ). 

L. IJ. Arnold, Jr. and G. 13. Kistiakowsky, Jour. Am. Chom. Sor., 54, 1713 (lUiW). 
** K. . Ilaiisscr, Kiilin, A. Smtikida, amj K. TI. Krcticlicn. ZrHae/ir. /. phya. 
Chemie, 1120, 371 (1035). 

■ Hftiisser, R. Kuhn, and G. Seitz, Zeitachr^ f. 'p/tf/ff. 1129, 301 (103/1). 

” U. Kuhn and A. DontiWihe, Bef. 65, 43 (U)3i). 

“ 11. Kuhn and M. Holier, Bar. 65, (161 (103^). 

*** V. .-Viiwers xincl R. Htlf^cl, Zcitnehr. J. pbifs. (*heuiief A 178, 315 (1037), 

U- K. Ciillnw, Biochani. Jour.^ 30, 006 (1033). 

E. C. C. Raly nnri E. K. Eubank, Jour. Chtmi. »Sop. (Tendon) , 87, 1347 (1005). 
II- I-ey, Keitackr. J. phya. Chemie, 94, 405 (1020). 
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changes in absorption. Salt formation may arise as n •result of the 
presence of acids or bases in solution, as for example when these are 
used to adjust pTI. Association may be itinuciiccd by the nature 
of the solvent and the concrentratiun of the solution. 

8. Changes in the kinds or positions of inisat Lira ted groups in 
molecules as a result of molecular rearrangcincnts may eaiise niurkctl 
changes in absorption.'^*’-^® When such ctfects arise from changes in 
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Pig. 14.24. EfTect of pH of the solution on tlic absorplioa spectrum of barbituric 

acid.^* 



the p[I of the solution, they arc ca.sity hruiigliL about mid arc^ uscfiiL 
in the ideiiliCKralion of siiLtsbant'Cs 14.^24). '^^Fhe cohjriincLric 

deter initiuLion of pll is based on lliis plicrionieiion. 

14.34. Photochemical Effects ; fluorescence, 'riu^ nuliation uslmI 
to determine the absoi'plioii of subHtancc.s may give rise to photo- 


IV. L, 1.c\vK{*liiii, jir/a 7V»j/.vif?cw’A?'inimi 1, OfW (1£)2 {j>). 

Ti C. Sdu'ihis Kfji/tiit/ 82, 1 

” ^V. Slt'iislrliiii niift M. lli?iiilinrcl, J. /Vj^-v. 20, 1-177 

C'. S. llickH, ./onr, ('hvm. i'%fW. ([<i>iif]iiti), 128, (lll'si(l). 

K. 11. llf>li.lii.v. 24, 8111 (lUMO). 

l'\ t'. niiil -f. It. l.tM>fh(»nniiv, Jour. Am, (*ftr>n. mSot., 53, 3441 (1U31); 

56, 17S2H (llirU). 

It. l.iKiflxuirciw niut M. M. SliiiiHoii, i/oiir. 67i«n. iStw?. (hoadon), 84-I- 
1^75 Cl()4(>). 
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chemical ef¥ects tlint have a marked influence on the nbRorptioiu 
such cliangcs take place to an appreciable extent while the alksoriition 
spectrum is being determined, they may lead to crroi’s in the dcler- 
mi nations. There is moi’e likelihood of errors arising fram this source 
in ultraviolet spectropliotometry than in visible s[)ccti'OpUQU>iitclry; 
even tliough some sulistances, such as riboflavin, arc photonltcm^ 
ically labile in tjie visible region, instancies are quite rare in 
which photo die uaical changes sufRcient to infliieiiec the validity of 
mens Lire me II ts are encountered in absorption spectrophotometry in 
this region. 

Those methods of absoi*ption spectrophotometry which iiivolx^c the 
least total irradiation of the specimen with photochem ically active 
radiation arc frc5est from the possibility of error as a result of pilots »- 
chemical change, A.t first sight, it appears that photo clot* I riv 
methods, in which the Sjiecimen cell follows tlie exit slit of a luoiici- 
chroinator, are superior in this regard to photograph !<.■ metluHl-s, in 
which the cell is placed lief ore the entrance slit oF a sjicclrograiili- 
Tliis superiority is not necessarily actual, however, if a point-hj^-IKiiiit 
method Is used, involving many determinations not carried mil nl 
high speed. 

In most instances the amount oF radiant energy reqnind to cftiise 
appreciable change in absorption is considerably grciitcr than Llnil to 
whieli the specimen is exposed during measurciiieiits witli any of II if 
usual spectrophotonietric methods. Wliether errors caused liy 
photochemical effects are being cncomitcrcd may he €;liwkc<i by 
SLicce.ssive absorption determinations on the snine .specimen. 

Many substances that absorb in the ultraviolet exhibit npi^'wiiihK' 
fluorescence wlieii exposed to such radiation. When the abs<irplioii 
spectra of such sub.staiiccs are determined by photographic iiietlmd?*i 
some of the fluorescent radiation cuLevs the slit of the spoctrograpli 
and causes blackening of the photographic plate in the spectral 
regions to which the fluorescence eori'espcnid.s. A.*? a result, absorp- 
tion spectra determined photographically sonic timc.s show ivlial 
appears to Ije negative absorption at wav'clengtlis longer tluui I lull 
tVic absorbing region. Since the fiuoi'e.sceiit light is radijilcd in all 

directions, this effect is unlikely to be noticed unless the spcciiiicii cell 
is placed close ho the slit. 

Data regarding the absorption of particular substances arc given 
in the Genernl Refereiice.s, 
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CHAPTER 15 



. To PETBRMINE WHICH METALLIC ELEMENTS ABB PlllGSENt 111 ^ 

given snmple oF material, analysis by the emission spccftrmn gR'** 
a method that is usually more direct, more raj>id, more si3ceifie» more 
complete, and probably easier to use than any other yet devclopcci* 
It does not require the analyst to guess in advance whicjli olcmcnU 
are likely to be present, to select methods of procedure that limy ot 
may not turn out to be justiiied, or to separate the const! liicnl inutc- 
rials into chemical groups. All elements that are readily detectnlAs 

spectrograph ically can be found in a single operation. 

Qualitative spectroscopic analysis as discussed in tJie present cnii|>- 
ter refers to analysis by means of the emission spectrum. AbHorplioit 
spectrophotometry (Chapter 14) can be used as a method of aiuilj'-'is 
for certain molecules, atoms, and ions, but it is somewhat less spcrinc* 
though often more sensitive, than the emission method. Iloth iiicUi- 
ods should be considered before any given problem of analysi*’ 
undertaken. Emission analysis for qualitative purposes is one of I In? 
most widely used fields of spectroscopy, yeb its develo[)mcnfc lia« Ikjcii 
neglected somewhat in recent years. This neglect is due piirtly^lo 
the great amount of attention that has been given to ciimntiLidivc 
analysis, a more difficult field, but it also arises from the fact tliiiC 
qualitative emission analysis is relatively so satisfactory that liLUe 

attention has beeu given to improving it. 

Qualitative analysis with the si>ectrograpli is a relatively .simple 
process. A small sample of the material to he analysed is plfu?ed 
an electric arc, spark, or other suitable source of excitation in .siicli^a 
way that the molecules of the sample will l>e dissociated into I heir 
constiliient atoms, which are then stimulated to emit light. 'Jhis 
light is sent through the spectrograph, wliich separates the vnrion-H 
wavelengths and records these individually as .s\>ecLruin lines on n 
photograpliie plate. Each chemical element emits a wcll-kiiown 

m 
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f^oiip of lines whose wftvelcn#fths are I'ocordocl in printed tables of 
the tyijes 1i.stcd in 'I’ablc.s 0-7 and IS. 2 and given in Append ieea I and 

II. Lines in the speetrniii c?aii be ])os»i Lively idciiLincd, wJien their 
positions have been detcrniiiied, as having come from a specific 
element, NuineronH lines arc emitted by cneh kind of aboiTii but at 
most two lines arc neculecl to give positive identificntloii- 

Speertrographitr analysis gives a ])er]iianeut record so that results 
are readily available for future reference. Xiiis feature also makes it 
])OKsiblc foi' ii[i.ski11c<L ficrson iiel to cari‘y out routine parts of an 
analysis and to prcpai'c .sj)cctrogt‘ains fmin which an expert ii|')ec- 
trographer can later make an nceurnte analysis. The method is 
csjsccially valuable in eases in which the o]}erator docs not know what 
cIcTnents to look for. It is also ituicIi inoi'c specific; than mo.st c;licni- 
ieal wet methods, for .so definite ai'e the wavelengths omitted by the 
atoms that niisideiitification of cleinciiLs is alinost impossible. 

The spec.;trogra])li can be used for qiialilativi; aualyais of substances 
difBculb to handle by web met hods, siic;h as glasses tnid slags. It can 
also he used to detect in alloys iniinite impurities that are siiflieieiit 
ill anioimt to alfcet crystal structure but are in eonrentrations Loo low 
to l>c found liy wet methods. It can be used to diflerentiate lx; tween 
two eheini(‘atly similar .siibstanc;(\s, For insl.aiico, iieodyinium and 
prciesodyniiuni arc so much alike 4is to defy rhcMnical separation, but 
they rcscunble cadi other as little spcc^troscopicially fis silver resembles 
calcium. 'Fhe s|>c[;trogi'aphic niclliod can be used to rc.snlvc doubt.s 
reniainiiig frtnn wet analyses, as in the oast; wlier<; tlie brown colora- 
Lion of a solution produced by hydrogen .sulfide may be open to 
varioiLS interpretations. It can also lx; used cffetjtivoly to follow the 
course of a chemical rcactitiii or sejiaraLtou. 

'The .Slice trograp hie method is es|K;cMally .suited for u.so with Hamplc.s 
of wliich only small aiuounts aii; available. In some case.s 0.1 ing of 
.sample Is sufficient for a comjilete (|iinlitativ<; analysis, although 
10 mg is desirable if available. 'I'he seii.sitivity of Liu; metliocL varies 
from elciiicnt to element ns {HscusscmI 1k;Iow» but amounts of certain 


elements as small as I0~** gram (uui be detected, in concentrations of 
less than 1 part in 100 million, 

The s]K;(rlrognipliie method crannot lie ii.sed .satisfactorily l;o deter- 
iiiine negative elements or ions siic;h as (-1^ and SO 7 that may he 


presmit in a siuiifile, since these; are 


not stimulated to emit light in 


orditiaiy sr>urei\s unless the radicals coiiliiin rnotallif; atoma. 


Since 


most molecules are broken down in the soinxre, chemieal combinations 
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cannot iisnally be determined by emission analysis. Specti'ographic? 
analysis oF non metallic elements siicli as gases require spccinL tcch- 
niqiic.s which are discussed in § 16.7. 

The visual apectroscoi^e can be used for certain types of qualitative 
analysis in the manner originated by KirchliofY and lliinscii,^ but it 
serves merely as a simple approximabiou of the general spectroscopic 
method and is applicable only in special cases. 

15. 1. Sensitivity of Detection of Various Elements. It is coin-* 

monly stated tliat only some 70 of the known chemical elements etui 
be detected spectrographically. Actually, any type of atom can be 
detected and identified through the radiation it emits under proper 
excitation, and theiHifoTe any atom can be detected spectrograpliicnUy 
Wth proper techniques. In general, however, spectrographic meth- 
ods for noiimetuls, particuarly for the halogens and gases, arc as yet 
more complicated and difficult than are the equivalent chemical wet 
methods. Therefore spectrographic analysis is ordinarily restricted 
to the metallic elements and some of the metalloids. The SO olcincnts 
commonly not considered susceptible to such analysis are the perma- 
nent gases, the lialogens, sulfur and sclciiiLuii, and a few of the rai'c 
heavy metals* 

If we examine in detail the list of “iions]>ectroscopic** elements, it is 
easy to see why these are difficult to detect : their atoms either arc 
relatively difficult to excite to emit radiation, especially radiation in a 
readily accessible spectral region; or they emit so many siiectniiu 
lilies that none are especially intense. These tli flic ul ties can some- 
times be overcome by methods discussed in § 16.7. 

Neutral atoms have ionisation potentials lying between the 3.1 volts 
of cesium and the 35.4 volts of helium, as di.s<riissed in Chapter 10. 
The metals almost all have ionis^abioii and excitation potential lying 
between 5 and 10 volts, whereas tiio.se of the gtuscs and halogens He 
above tliis value (see Table 10.1, Column I). 

It is desirable to distinguish between the concenlraUonul 
mid the ahsoluie sensUiviiy of detection by spectrum liiie.s. Fig- 
iii'e 15.1 shows the intensities of two spccbriiin lines plotted as func- 
tions of the percentage concentration of the clement produ<’iiig Llicni 
in a sample, or matrix, which is otherwise kept iiuiforiii. It will he 
noted that over the range plotted these lines Imve dilFerciit .slopes and 
therefore produce different conccnbratioiial sen.sitivitic.s. Also, the 

^ G. R. Kircliliaff nnd Xi. Biin.icn, /inn. ft Phy»ik^ 110, KKl, (1800); Phil, 20, 

SO ( 1800 ); Hid., 22 , 3:^0 ( 1801 ); Ann. Chim. Physique, 52 , ( 1801 ). 
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curves intercept the axis of minimum detectable intensity nt different 
]}oinLs, so that tliey produce different absolute scn.sitlvibics. In 
innkinf' quantitative analyses, conccntrntioiial sensitivity is of great 
importance, whereas in qualitative analyses, where detection of the 
miniinutn possible concentration is dc.sircd, the absolute sensitivity is 

□f importance. 

The absolute sensitivity of analysis For an clement depends on 
which spectrum line i>s .selected fur its detect ion. In the following 
discussion, it is assumed that the ino.st sensitive linc-s of each element 
arc used. 


Intensity 

of 

Spectral 

Lines 


% Concenfration 

Fig. 15.1. Line intensity curves ns n function of percentage composition, 
showing the distinction between conceatratlonnl sensitivity and absolute seusi- 
tivity of detection. 



Tabic 1/5.1 gives a list t)r the preseiiL apprtwiinaLe liniiLiiig coiiceii- 
t rations Lliat have been readied for the various eleineiils. llonai, for 
cxanij>le, has been riel enn hied speetrograpliically to below 1 i>ai't in 
10’, whereas .sulfur has been detected only to one part iii 10*^. These 
factoi*s are, of course, otily very approxinial.e and can be expectetl to 
c:liiingo as further progre.ss i.s made iu developing sper'iiil nicthotl.s for 
lni]jr< 3 viug the sensitivily of analysis for any given element. Absolute 
sensitivity r-an !»' increased by varioiis nietlio<ls rlisr'usscd in § 1/5.3, 
which have liecii (ru'd with some elements and not nlhers, (Miemical 
prtrcoiK'eiilral ion lUt'lJiods can lx* list'd a1.st>, recliicing the limiting 
fouceiitralirju faclor by as niiicli us !()■* hi srjme cuscs. In theory, 
l.liere slioiild be no limit to absolute sensitivity, since a .single atoui, 
if kept ill Liie source For a siiflir-ieiilly long Lime, coulil l>e excited over 


TABU2 15. 1 

ApFROXIMATB SfiKSITrVITT LflMlTS OF DiRECT SpECTROOltAPHlC DETEXmoN 

■ 

■ OF THE ElGUENTS^ ' 


£lciiioiit 

Xjeast detected 

ppm by iveiglit 

Piemen t I 

JiCnst detected 
ppm by wcigbt 

Ag 

0.5 

1 

Mg 

1 

A1 1 

1 

Mn 

10 

As 1 

100 

j\Io 

10 

All 1 

10 



1 

1 

1 

Nn 

1 

0.1 

It I 

0.1 

Nb 

so 

Ita 

1 

N(1 

00 

Be 

2 

Ni 

5 

Di 

10 


■ 



Os 

100 

C 

- 4 -h 



Cn 

0.5 

V 

10 

Cb 

1 

80 

Vb 

0,2 

Cd 

0,2 

IM , 

10 

Ce 

00 

1 Pr 

go 

Cl 

10 

Pt 

50 

Co 

40 


■ 

Cr 

0.2 

Ha 

■ ■ i 

Cs 

5 

Rf> 

' 70 

Cu 

0.5 

1 

nil 

10 



iiii 

10 

Dy 

00 




1 

s 

10 

Er 

10 

Sb 

20 

Eu 

10 

Sc 

1 


1 

.Sc 

1 

P 

1 

Si 

SO 

Pe 

0.1 

.Stii 

soo 



Sii 

2 

Ga 

4 

-Sr 

0.5 

Gd 

OQ 



Gc 

7 

"Fa 

50 



'I’b 

00 

Hff 

50 

Te 

500 

IIo 

00 

Ti 

50 



'I’l 

lO 

In 

5 



Ir 

100 

V 

0.3 

K 

0.1 

^v 

■ 

10 

Ia 

10 

Y 

4 

lA 

0.5 

( 

S 



1 Zn 

2 


! 

Zr 

1 

1 

20 

1 


* \lAny elements listed aa having been dclcKtcd Lo lower Iituiis Limn oLlicrs are It?** 
readilj' detectable but bav’c been more intensively stndieci. 
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and over again to emit light until enough was aeeuinulntcd to give a 
detectable spectrum line. In practice, however, most of the atoms 
wander from the excitation stream befoi'c they ni‘e excited even once. 
Tlie limit on absolute sensitivity i.s set by the background intensity, 
which overwlielms the weak light produced by the siniill number oF 
atoms which are excited. Any method that will reduce the relative 
background intensity can be cx[iec^ted to increase absolute sensitivity. 

The iniiiiiniiiTi amouut of material that can be detected, spectro- 
grnphically is known for very few elcmctit.s. For materials not diffi- 
cult to detect, it appears to lie between 10'** and 10“® gram. Greatly 
increased absolute sensitivity of detection usually results whenever 
sources of excitation arc improved spcctlically with this sensitivity 
in mind. The main objcfrlive is to prevent the atoms of interest from 
wandering from the excitation .stream or from combining into mole- 
c Liles that do not readily djs.soci(itc, and to keep other atoni.s and 
iiiolc<;ules from emitting radiation. ^ 

The statement is sometimes made Ihiifc 10“® gram of lend is the 
least that can Ijc detected spectrograph i (rally. Tliis figure cori-e- 
.spoiicls to 10*'* lead atoms. An average spectrograph will proje<rt 
onto the plate only about 1 (plan turn of radiation of a. given wave- 
Icngtl) out of every 10,000 such (pLaiita omtlbed by the .source. Simple 
cnkriiljitions busc^d on these facts show that only 1 atom out of ca('li 
200 put into llie source cniibs c^vcni otic (|iianbiim of the lino 45K0 A 
commonly used for lead detection befom it Ls l(jst From tlie stream of 

excitation. 

15,2. Sensitive Lines and Ultimate Lines. Siiu*e some .sj>ectriitn 

Hiie.s lire stronger than ollu^rs because of a high probnbiliLy of octJiir- 
reiice of the apjiropriate transition in tlie atom, and since soine arc 
more easily (Excited than ot hoi’s, it is not .surprising tliat certain liiioH 
should lie found inort'r sensitive for detecting small cpinn titles of 
nitiLeriiil than others. Usually, tlioiigli not always, the .slrongost litioH 
of a sp(H;tru]n are the most .striisitive. Do Graiiioiit,*'* Hartley ami 
otliei*s have made cureFiiI empirical slu(]i(\s to dcUiirmiiu' tln^ sensitive 
lines of ea(rli (4cni<Mit. In particular, do (jriiinoiit lias publisliecl 
Labtes of .so-callod rniav or ////if/ifrffl Unett {(Jeiieral lloreroiice 

1/1.5), '^riie raie uUime is the limt line of an element to disappear lus the 

*A.de(;riiiiii)Hl, (Utmpf. Rrmf., 144, 1 10 1 (J«07); 145, 1170 (11)07); fter. Mei., 

19, (Hi 

MV. N. Iliirlley, Jonr. Chem. Hoc. (/.oWow). 41, £J0 (IHHi): Phil. 7'r«iM., 175, flO 

(IfWl). 
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qumitity of the element burned in a sample is deerrensed to the vanish- 
ing point- De Gramoiit‘s tables are to.sotue extent out of date^ since 
the ultimate line of an. element depeiids strongly on the spectroscopic 
Lee Jill ic| lies used. Severn! lines may tend to disappear together as 
the limit of sensitivity is reached. Tlie.se usually are lines belonging 
to the .same multiplet, TrVhicli differ only .slightly in natural intensity 
(that is, by not more than a factor of 2 or 3). To be sure of the 
presence of a specific element in a given sainple» it i.s in any case 
dc.si Table to identify at least two lines originating from it, so several 
line.s are ordinarily ILsted ns “ultimate.” 

Tables of sensitive lines are very iLseful, since if the most .sensitive 
lines of an element do not a]:>i>ear in a spectrum being studied For 
cpinlitiitive nnaly.sis, the element can be marked absent. This 
absence should be understood ns being qualitative, however, and 
merely means that within the limits of possible detection the element 
was not found, A])]jend{ces X and S contain lists of sensitive lines 
of the olcmcnts. Figure 15. S shows a chart, due to Ha.sler and 
Kemp,*^ of the distribution of sen.sitivc lines according to wavelength. 
Comprehensive tables of spectral wavclength.s are listed in Tabic 9.7, 
and iibbrcN'iutcd tables useful for routine s]:>cctroclicniical annly-sis are 
listed ill Table 15.2. 


TjVBLI'' 15.2 

.•VllBKKVfATI-JD T.ADIJCH FOR SPKCTKOCIliiiUlU.AL AXAL.rSiB* 

1. IL. Ka.vspr, “liiiiiH-si-oii Spectra of Kleiiicntar,\' Subsliinces,’’ Infer-- 
Jiaiional (yifiral I’aMejt, X’^ol. \' {Now York: McGrtiw-Ifill, 1D20), page 27l». 
Okiilnins iilicaiL 12.O0U linos in Llio rnngo 35(1 Lci 31,0(10 A, in arc unci spark, 
far 8(1 oloiiK'iits, with prctjrsuiii of rnnii 1 to 0.001 .A. niid iittcusily range 
1 (4> lO. Con Lilias also table of uir lines, 

2. U. ICayser and R. Ititschl, Tabelfe der Ilauptliuien dvr I^inienupfkfren 
(lUer i^ivjnvnU\ 2(1 c-rl. {Ut'i'liii: Springer, 1030). Contains about 27,000 ]ine.s 
in (he rangt* 0(kH.50 to 3.3 A. in arc, spark, iiiid dtsoliarge, for 88 eletneiitMi. 
given lo 0.1 and 0.01 .A, with iiiLcnisity range 0 to 1000. 

3. Il&ftdffonk' of dwmijiiry and Phyaive, Cl-cveJaiic] ; Clieniical Hiiblkcr 
Puhlishing Co. 

4. W, It, Ilrofle. Chetniva! S^icrtroitvopt/ (New Y'orfc: Wiley, 1030). Con- 
tains A II limber of Liihle.s: (1) persistent lines by waveleiiglh, listing 400 lines 
ill tile range 7050 to 18.'i0 A, gi\'en to 0.1 A; (2) jiersistc'iit lines b.i' (*lciiu'iils. 
with 400 lines in Llic range 0000 to l(t00 A, given to 0.1 for 71 eleitietils: 
i3> [irineipul lines b^' wavelength, cun tain iiig about 4300 lines for the more 


' Al. F. TIaslor and J. W. Kemp. Jour. Ojyf. Sor. Am., 34, 21 (1014). 

* Hcj>ntjlc(J by permission from Ci. U. Itiirrisini, Jour. App. 10, 7fl (I03(i). 
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coramon elements, with tlie gases mid some other iioninotnis oiiiUIck], in 
wavcLengtli range 8000 to SOOO A, given to 0.5 A, with intensity range S to 10; 

(4) principal Hues by elements, containing about 0000 lines in tiie range 8000 
to 3000 A, in are and spark, given to 0.5 A, with intensity range 1 lo 10: 

(5) spark spectrum of air, containing 800 lines in the range 7052 to 23Sfti 
given tio 0.1 A, with intensity range 1 to 10; (0) principal lines by eleincniJj 

discharge spectrum, containing about 300 lines in the range 8000 to 3500 A* 

given to 0.1 A, with intensity range 1 to 10. 

5. U. M. Smitli, Lineg for Spectruvi AnalyxM (.London: Ililgcr* 

1038). 

0, A. GattcTcr and J. Junkes, AUas tier Hesllinieti (Cnstcl Gondolfo, Italy s 
Spccala Vaticana, 1037), Contains about 2400 lines in the range 8100 to 
2200 A, in arc and spark, for 30 elements, given to 0.01 A; also some band 


spectra. 

7.. W, Gerlach and E. Riedl, Die cheniiitche J£t?iiJunoiie~Spelitr<ti^^ulfff^r 
Part nr (Leipzig; Voss, 1030). Contains about 3000 lines in the range 6000 
to 3140 A, in arc and spark, for 67 elements, given to 0.1 A. Gives control 
lines and possible interfering lines. 

8. J. A. Honnum, ‘^Wavelength of the Principal Linc.s in the Eniisston 
Spectra of the Elements,** Ha7idbook of Cite tuielrt/ , N, A. Lange, cil. (Saeidiisky^ 
Ohio: Handbook Publishers, Inc., 1037), page 803. Contains about fiflOO 
lines ill the range 00,850 to 124 A for 83 elements, with accuracy lo I A* 
Sensitive and ultimate lines arc hirlicatcd. 

0- G. 11. Harrison, M.I.T. IVavelenfflh Tablee (New York: IVilcy, lOflOj- 
Table of 500 sensitive lines of the cloineriLs according to elcnicnis and again in 
wavelength order, in range 0337 to 2025 .A, in arc, spark, niid rlisclmrgc, far 
85 elements, mostly given to 0.001 A, with iiiLetisily range I to 0000. (Kepm- 
duced in part in Appendices 1 and 2.) 

10, AV. J. Crook, JirfetatliiTffical Speclrtivi Analf/eis (Stamford XJtiivcfsity 
Press, 1035). Contains 0540 lines in the range 5800 to 2780 A, in the arc, for 
04 elements, given to 0.1 A, with iiiLensily range I Lo 10. 

11. W. J, Crook, Table of Arc Sj^erirutn lAnee Arranged in Order of Jf^arr- 


lengihs (Stanford University Press, 1033). 

12. J. jVX. Eder and E, Valenta, Aila^ tgjnacher Sfyektren (Vioniin: IJfdder, 
101T). Contains abuiit 35,000 lines in the range 7iwn to 1850 A. in nrc> 
spark, and flame, for 75 cleincnLs, given to 0,01 A, wilJi in tensity range 1 to 
100. Coiiliiins also some band heads. N<de Ibnvlan^] scale. 

13. F. Exiicr and E, Hascheck, Die Spektren der Elemeuie^t hei wnmifl/pw 
Druek-, Vol. I (Leipzig and Vienna: Deuticke, 1011). Contains nbuiit 
20,000 lines in several tables (not iniitnally exclusive), in the range 7070 to 
2135 A, in arc and spark for 77 element^, given to 0.01 A, with inlciisit 3 ' mnge 
1 to 1000. Note Rowland scale. 

14. P. Twyinan and U. jVI. Smith, Waeelengtk Tables for Spectruai Anatgsh 
(London: Hilger, 1031). Contains a miiiil>cr of tables: (1) Sensitive lines in 
spark -Spectra of solutions (Hartley; Pollok; PoHok ami Lctaiiartl; f-eonnrd 
and Wbelnii). Contains about 1300 lines, arratigetl by elements, in the range 
0725 ti> 2200 A, for 42 elements, given to 0,1 A, with iiiLcriaity range 1 Lo 10- 
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TABLE (ConclwietO 

(H) SciisiLivc lilies in spark spectra nf snlicls uiul fus<Hl substances (Dc Gra- 
mciiit). Cun tains 3JJ0 lines, arnuigc<1 both elements ami by wnvcIciigLlis, 
in the raiif^e 7948 Lii 42188 A, for 83 clemeiits, with aeciirucy to 0.1 A. AIusL 
-sotisiLive lintw iiitlicated. (8) Sensitive arc liiie.s of 50 elements (in ll.U. 
|>mv<ler) arraiif^ed by oleniciils. Contains 807 lines in Lite range 0717 to 
42t2H8 A, given to 0.01 A, with iiileti.siLy range 1 to 10. Most sciisiLivc; lines 
are iudieiUed. (4) SonsiLive lines in flaine speetm arranged hotli by elcinciiLs 
and by wa^'eleiigtlis. C<iiiliiiiis 98 lines in Lh«: range 7099 to A« for 

cleineiils, given] to 0.1 A. (5) Sen.siLive lines in art? ami spiirk spectra, 
iimiiigtMl by eleineiils. Coiil.iiiiiN iiboiiL 1000 litio.s in Lite range 7000 to 
42000 A, for 50 eleiiioiils, given to 0.01 A, with intensity range 1 to lO, 

15. E. LtJwe, .4//a.v f/^r itf/zr/i dar iClvmmilen (ljcii>xig aud 

Dn^sfleii; Slciiiknpf, 19428). Table itf pcr-'^isteiit spark lin<?s of tlic inure ini- 
portiuil eleinoiils. 

10. G. Selieilw?, VhysikaliHchc Melhmien der nmilylinchen Cken\i.e^ Part I, 
W. lioLlger, ed. (Akaticiiii.sclie Verlag-sge-seltstjliaf L, IxiipKig, 11>33), ]>. 67, 
Con tains tiboul 1100 liue.s in the range 7950 to ItidS A, in arc and spark, fur 
6^ eleineiils, given to 0.01 A, with in tensity range 0 to 40. Includes some 
air lines. 

17. J. C. Hoyee anti J. M. Mael lines, \V iivolengthi^ nj ihe Ha'Itcwo Zf liTaviolcL 
Jrom (hm Ditfchargca (I’rineettin, N. J,: Palmer Pliysieal Ijalxirntory, 

1080). CtitiLains alanit 4;2300 lines in the range $2500 to 115 A, in disoharge 
Lube, for 10 eleiiienta, given to 0.01 and 0,001 A, with iiitcii.sity range 000 to 
10. Conlain.s air lines and some bands. 

18. J. C. Jloyee and 11. A. llobinson, *'WaveIengtIi Xdenli flea Lion List.s 

r<*r Ilie Extreme ITltruviolel,” w7nur. Ojd. Sue. 26^ 188 (1036). Coiiiiiiiis 

ahoul ^600 Htie.s rii the range 4200fl to !]8 A, in diseliarge, for 14 eleineiiLs, 
given to 0.001 A, with irileiisily range 00 to 50. 

and S<?ribnci'* have roriiiidRUMl ii. rule for preclicrting tlie- 
orc lit -ally the utlimale lines of any eli'ineiil : “A rale Mime in any 
H|iecLriini originates willi a siiiiple iiiLertdiange of ti single clecrtroii 
between e and p .states, usually pr<?ferrii!g cronrigiiriLtioiis in wliic‘h only 


one elei'troii nccnirs in such a .slate.” 'This rule usually gives the 
.sLrtntgest line eliapa<*tenstie of the siiecLnim, even tlioiigli it may not 
involve the iiorinid state of the atom as a lower level, but does not 
necessarily give the rala* uUimen. li^xidLabiou and other ra(;Loi's can 
greatly aire(‘l the re.sidl. 

In some eleineiils those li]ie.s wliiidi woidd be expected to be most 
srnsilive, or idliinate, lie in rtdaliveh^ iiiaecessible siicetriim regions. 


'Tills is the case with riibiditiin and cesimti, for exain[)le, which from 
nil exeilalioii .staiulpoiiiL slioiihl be the most readily <Ietec table of nil 
elements. 'Flieir Lheore|.i(*ally iilLiuiaLe liiiej* lie in the infrared, but 

ft \V. I*'. Mrggrrs iitid 1). 1'’- SfrihiitT, Jowr. ftvM. Sat. ISur, 13, GUI (PKM). 
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in tlie absence of fast plates for this region, weaker lines in the blue 
region are usually more sensitive. The iinjirovement in infrnred 
sensitivity of photographic etnulsioiis in recent yeai's ixutkos it 
sible that the infrared lines will ultimately be found the tnost sciiHiljx'e. 

The ultimate lines of oxygen, nitrogen, sulFuiv and the oLlier gases 
lie in tlie vaeitum ultraviolet region. Equipment for taking spci'lnH 
grams in this region is not available in many laboratories* however. 
Special methods of excitation may be used to produce other seiisltivc 
lines in easily accessible 1 ‘egious, as di.seiissed in § 15.7. 

Certain elements can be detected with greater .sensitivity in the 
spark than in the arc, whereas others requii’e use of special .scHirfex 
to be detected at all. ■ The data given in most tables of sensitive lines 
apply when the most suitable source is used in a given ca-sc. TIm? 
final determination of ultimate lines must in the long run be nuute 
empirically by the Individual investigator using his own apparaliis. 

15.3. Improvement of Sensitivity Limits. If the ultijiiatc linen of 

an element do not api^ear on a spectrogram, tlie analyst i.s likely to 
eoiicUidc that the element in question is not present in sign ifi « *8111 
amounts. This absence may be due in part, however, to reduction 
in the exciting power of the source by ])re valence of Ions pi'i}(]ii(H*tl 
from atoins of low Ionization potential, such as .sodium or oilier 
alkalies. As smaller impurity concentrations become .signifuronl* it 
becomes increasingly necessary to introduce factors that will lower 
detection limits. 

It is a common misapprelieiision to suppose that the absolute sen- 
sitivity limit is u.9ually set by the ligbt-gathcriiig ]>owei* of the siwc- 
trograph. Although sensitivity to light i.s the limiting factor when 
only a small sample of material is available, most qualitative niiiilysert 
are made on samples available in considerable amoiiiits. Under such 
circumstances a spectrograph of high aperture, which often involves 
low dispersion, and an emulsion of high speed, which almost nlwiiys 
has low contrast, are seldom best for reaching the limit of acnsiLivily. 
^Yllell plenty of material is available, the lower detection liiniL is set 
by the ratio of intensity of tlie line being searched for to that of the 
Imckground spectrum, a sort of “sigiinl-to-noise ratio.” When pliile 
sensitivity or time of exposure are increased, both faint liiitw and 
backgioiind increase, and no improvcnieii t in detection results. 

^la ny speetrographic analyses are carried out with inslniineiil.H 
having dispersion too low to give the best result.s, riot only for ((Uiilila- 
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tive sensitivity but also For quantitative precision. IF a spectropfrnpli 
of low resolving jjowcr is used, the background intensity is increased 
relative to the line intensity over what would be obtained with an 
instrument of liigher dispersion. To take mi extreme cilsc, it was 
Found that a 36-Ft concave grating in a Wadsworth mounting, plate 
factor B.2 A per millimeter, could be used to photograph in t%vo 
minutes 10 tin lines in concentrations too small to be detected with 
a standard iiiediuni qiiai'tz .spectrograph, having a plate factor of 
10. g A per millimeter, in any exposure time, however long. A good 
general rule when extreme sensitivity is desired is to use a .spcctro- 
grn]ih with resohitioii and dispersion ns great as is consistent with 
obtaining a suitable oxp[>sure in a reasonable time with tlic amount 
of material available For burning. 

It is often possible to increase the intensity of a faint line relative 
lu that of its iieiglihoring biickground by the use of some of the fol- 
lowing proccihires : 


1. By using a spectrograph of liigli resolution an<l dispersion, to 
decrease continuous background relative to line inten.sjty. 

£, By selec'Ling the optinuim slit width for the lines being sought . 

3. By selecting excitation conditions .such that the line intensity 
i.s increased relative to the background intensity. 

4. By rociiiciiig faelors in the source that firoducc contLnunii.s 
background or bands. 

.5. By re( lucking .scattered light and eheiiiical fog. 

0. By using the inoviiig-plaLe te(^hiiicjiie disc;ussed in § 1,5.7 to 
separate lines that have maxi nut ru itiLen.sily at dilFerent times in the 
burning life of the arc? cjr spark. 

7 . By using fracitional distil la I ion of tlu* .saiiqilc in the source 
(§ 15.0). 

B- By treating with ]>iire reagc'iits llu* iniiterial being analyzed, 
lo change the negative nidictals to aiiolluN* rorin in which background 
iiiLcnsily will be rerhicred and line sensitivity inereased. 

9. By hit rodnc'ing biiirer tnaLerials in tll<^ ai‘c« or by using aroniKj 
I he lire an atniosplii're tlial sujiju'esses hands and continuous back- 
ground more than it reel i ices line inteiisity. 

10, By using Uie earrier-disl illation nielhod (»f Seribiioi* and I^InlHii 
{§1,5.8) lo iieeelerate fradioiial clislilhilion in a certain jairt oF the 
hu riling cycle and aid in .swec'ping into the arc stream the atoms to 
he excited. 
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By a combination of these means it is often possible to extend the 
sensitivity limit of analysis for a particular element by a factor of 
lOOjOOO or more. 

15.4. Identification of Elements. It is ordinarily not necessary to 
determine wavelengths accLirntcly for qiiiilitativc ana lysis, since 
master spectrograms can be prepared with the spectrograph used, to 
show the locations of all important lines. For certain elements llio 
lines will lie in definite patterns that can be iden tilled at sight. Once 
a master spectrogram lias been prepared, spectrograms taken ivitli 
the same instrument for other samples can be supcrpo.sed on tliis on 
a viewing box, and lines that coincide on the two can readily be 
marked. The Judd-Liewis comparator shown in Fig. 0.4 is a device 
for bringing the master and sain])le plates to optical coinculciice 
without putting them in mechanical contact. 

When master plates taken with the instrument being used arc not 
available, it is still possible to identify lines by comparison of pal- 
terns. Standard charts of the type described in § 0.3 will be found 
useful for this purpose, if proper allowance is made for differences In 
dispersion, or for variation in dispersion with wavelength, when the 
master chart is taken with a prism or grating instrument and llio 
sample specti'ogram is taken with an instrument of the other type. 

The Spekker Steeloscope/ shown in Fig. 3.4, is a, spectroscope of 
moderate dispersion with an eyepiece that has been marked for selling 
on the positions of sensitive lines of several metallic elements. It 
furnishes a simple and convenient uiean.s of making quick opticril 
estimates of such elements os nickel, ehroininin, and copper, in steel 
or other samples, and can be used for some quantitative ns well ns 
qualitative work. 

The It.U. powders and charts discussed in § 0.3 are al.so of con- 
siderable aid in qualitative anal 3 ^si 8 , since the operator caii hike 
spectrograms with his own instrument of sainp]c.s of R.. U. ]iowcler 
aiul quickly identify from the charts the various lines in whicli he U 
interested. On spectrograms he should be able to find the more 
important sensitive lines of each “spectroscopic” element. 

Incorrect identification of an element is unlikely if more tlinii one 
line is used to establish its presence or absence. Errors iliie to 
in homogeneity of the sample are much more likely, and here it is 
necessary to have recourse to those cstablLshcd procedures which 
ensure that th e sample is truly representative. 

*F. Tw.vman. Genernl llercrcnce 1.1. ,S, pa^c *47.5. 
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15.5. Light Sources and Handling of Material. Tlic original 

method of qualitative spectroscopic analysis introduce cl by Bunsen 
and TCii'chlioff * in 185S) involved spraying liquids or powders into the 
gns fed to ii Bunsen burner. Although flame C3£.citation is often used, 
particularly for analysis by the inetlinrl of LundegA-rdh,’ the flame 
does not suiqdy the excitation needed to make more than nbout 
30 me bailie atoms detectable. Properly designed flame photometers 
are extremely simple to use. Photography of a flame spectrum offers 
little advantage over visual observation, however, since Liic excitation 
is so low that many of the line.s are confined to the vi-siblc. The ex- 
citation can be in creased somewhat by using an oxy hydrogen or oxy- 
ucctylene flame. 

lOxcepb in the case of modern flame photometers, eiiilHsion .spec- 
troscopic analysis is ordinarily accom])lislied with the arc or .spark 
as source. The arc gives greater sensitivity in most cases, burns more 
of the sample, involves a .simpler elec: trie circuit than the spark, and 
rcciLiires no dangerously high potentinl. The sijurk requires some- 


what le.ss atteiitiou than the arc and may lie used when very small 
siiiTiples are to be consiiniefl and extreme sensitivity is not required, 
as for exattqilc in determining cainstituen ts in tim nietiillic coating of 
a watch casc\ (.'ir^riiits for arcs, sparks, and oilier .sources arc di.s- 
cussc^l iTi (MiapLer 8. 

Certain imrLs of an arc or spark provide greater sensitivity than 
others for the clele<rtiori of various elements.'* Lines arisitig from 
molecules that may rejulily be disscKsalcd apjiear most .strongly in 
tlio outer layers of an arc, whereas lines arising from lui-io nixed atoms 
may appear lusir the positive electrode, and from ionized atoms 
near the negalive. 

If tlu* Tiialena] to be aiialyxe<l can be obtained in rods or chunks, 
seif-electrodes’* slioiihl be used. 'Plicsc may bo roughly sliaped and 
]]e]<l ill an arc: lioldi'r such as that shown in Fig. 8.5. Allernabi vely, 
I he sain] lie may be ]>lacetl in a hollo wed-out electt'<ate of pure graphite, 
as sliown in h’ig. I.'j. 3, 'riu' sample elec:tro<le is usually made' po.sitive 
becaiist' Mie positive* hi*eoiiies hotter I luui the* lU'giitive, this r lilfereiiee 
in ietiipc'ral iin* jissisUiig in vaporizing the niitterial. However, in- 
creiiHccI seiisilivily of del eel ion may result from nil iking the sample 
eleelrocle nc'gidive. 

avoid eon Lain illation, the .sample to be aiialyxed sbcjuld be 




^11. Liiri<l(‘KAr(]lu Jjf'iV.Wif. /. Phf/itikt 66, IflU 
’’ L. Sfrtic'k, (5.7, piiice -Ml. 
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handled as little as possible* So sensitive is the spectrographic 
method that an arc operated in a room in which a cominutator, 
equipped electric motor is running may show copper lines even though 
no copper is present in the sample. It is usually desirable to use a 
sample of 10 mg or larger both for convenience in handling nnd so 
that it may truly be representative of the master sample. 

Very pure gi'apliite electrodes, Avrapped in cellophane until used 
and handled only with scrupulously clean tongs, are useful for holding 



(c) (d) 

Fig. 15.3. Several forms of ho]lowed''0'Ut graphite electrodes. 

samples to l>e analyzed. Such **.spectrograi)Iiic carbons^’ can be 
obtained from sevei'al compiinles or may be prepared in the hibom- 

Carbons of ■j^'in. diameter are most convenient for the lower 
electrode, and may be bored out AA'ith a J-in. drill hept cleiiii for the 
purpose. The upper electrode may well be J in. in diameter or less 
and somewhat pointed. A 5-ainp arc is suital>le for this siae of 
electrode. 

A disadvantage of the graphite electrode is the prevalence of 
cyanogen bands, wdiich are due to the molecule CN, when it is used. 


“riec J. S. OiTCiia, Genera] Refcrcacc 15.13, page 17 . 
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These bands, some of which arc showti in Fiff. 15.4, arc likely to 
interfere with sensitive linos in various parts of the speetnim, espe- 
cially in low-dispersion s]iectrograms. The bands are especially strong 
when the sample material lias been burned out of the electrode. This 
condition can readily bo detected by the appearance of strong violet 
ligiit in the arc. Provision should be made to turn off the arc wlicn- 
ever this condition a]j] 3 cars or to bar the light from the spectrograph 
while the arc is being reloaded. i 

Copjicr or silver electrodes are sometimes used instead of graphite 
in exciting samples, but their use, which largely eliminates the 
cyanogen bands, gi'catly reduces sensitivity. This reduction results 
both because graiihitc electrodes become hotter than metallic ones 
and because the carbon tire stream rcuclics a higher level of excitation 
than that of a metallic arc. 

To reduce the likelihood of coiitaminatian, electrodes may be pre- 
burned for a few sccoihIh before the sainj>lo is introduced. Alerely 



Fig. 15.4. Tho cyanogen bands in tho near ultra violet (3500-4200 A) produced 

by graphite electrodes bu ruing in nlr. 


because a given element is not found in tlie wpcetriiin of the empty 
electrode, however, one is not justified iji ti.ssiiming that it is not 


present in the electrode material, since sensitivity of 
likely to be increased in such ci real instances by the 


detection is 
addition of 


Mielfillic ions to tlie arc stream, as wIic'ii the .sample is mldcd. 


Thus, 


wrtiiin higldy purifietl gra|)liitc eleeti'odes sliow no vunafliuin when 
burned in tlie arc, but when a sin id I iiiuouiit of pure metidlic salt, 


known tocoutaiii no vanadiiiiri. is added, vanadiinn lines may iipjjcar. 


Electrodes should always be cut or shaped w'itli tools whicli have lieen 
carefully cleaned with alcohol or ether aii<l wiped with clean filter 


pa]icr. 

Any material can )>e niafle to siipfiort an electric arc if it can be 
iieatcd to tlie point of yohililiy^ilion into the arc strciirn. When a 
noncoiiducting powder is to Jie studied, it (ran be mixed with a coii- 
dneting material tluit gives ferw sjiectniin lines. Powdered graphite 
is useful for this jnirpose. Ainmoniiini siilFiite (ran also be ii.sed, since 
its compoin'iit atoms do not give lines in the visible oi* tiUni violet 
regions under arcr excrilntioii. Slags, refractories, and inorganic niate- 
riids can be ground ujj wdlli pestle and mortar, preferably of agate or 
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other Karel substance, aiuLmiKed with hlie conducting material i which 
may be moistened with pure dilute HCl. Biological materials may 
be ashed in. a furnace or by digestion in pure acids, and tlio ash 
introduced into the arc for analysis. 

Strock® 1ms described the catliode glow method of analysis of 
ISXaniikopf and Peters,^® in which use is mode of the very high sen- 
sitivity of excitation that exists in the small region oF the electric arc 
near the negative electrode when this is used to hold the sample. 
This so-called ^'Glimmscliicht method** is widely used,. High ab- 



(«) Ch) 

Fig. IS.S. Hollow-cathode source of McNally, Harrison, and Rowa“ for 

spectrochemlcal analysis, (a) A.sHonihJcd. (b) Parts. 


solute sensitivity is also obtainable with the high-voltage AC arc, as 
described by Duffendack^^ and his coworkers. A trims Former giving 
about ISOO volts is connected to the electrodes, and 1 lunp oi' more 
is sent through the spark, so it becomes nn incipient arc- This sourco 
must be handled very carefully on account of the danger of shock. 

The hoi low- cathode tube, discussed in §§8.10 and 15.7, probalaly 
gives the most sensitive means of detecting small quantities of mate- 

R. Mrinnkopf and C. Peters, Zeittchr. f, Physik, 70, 4-W. (lOSl). 

O. S. Oiiffcudack oncl R, U. I’lioiapsoii, Ptqc^ **?oc, 'i'vstiutj il/ « 3fi, 

sio <io;w). 

“ J, R, NrcNally, Jr., G. R. Hiirrison, ani;[ E- Rowe. Jour. Opt. Ho*'. /1/Ji-., 37j P3 
(llHTt 
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rial. Since the sample can he evaporated into tlic excitation column 
over nn<l over again, it does not escape excitation so reaflily as in 
other soiirees. McNally, riarriaon, and Rowe** found that with tlic 
hollow cathode they could go down to cxti’cme limits of concentration 
even in detecting the halogens and sulfur. Their source is shown 
in X^ig. 15.5. 

iV very convenient form of spiirk electrode for qualitative analysis 
is shown in X^ig- 8.10. This is apy^licahle when electrodes can be 
foi'nied of the sample to he analyzed. It is dcsimhlc that the spark 
should wander somewhat in owicr to prevent overheating of a portion 
of tlic electrode, ])ut tliis wandering shouhl he held in a line parallel 
to that connecting the s[>ai'lc with the slit so lus not to get off the 
S].K*ctrograpli line-of -sight. Very small clecLrotlos eiiii he used with il 
spark, rs]>ccially if the ainoLiiit of current flowing is kept small ; for 
example a satisfactory spark can be formed between two pieces of 
the hnir si>ring of a watch. 

The s])ark is likely bo he le.ss satisfactory than I he a re in i*c'achiiig 
n high sensitivity because contiiui*' 
ous hackgroniid is usually more 
intense in the spark, Another clis- 
inKmiitage is the likelihood of ex- 
citiition of “air lines,” which do not 
a]>]}eai' in sonrts's having lower ex- 
(dtation. These may Jje jiarlially 
aiip]n'Gssc-d hy the addition of in- 
cliie-lance to l.lie spark (‘iixaiit, shown 
in h'ig. 8.11. 'The inducLa rice slio wii 
ill that flguiv slioiild he adjusted bo 
siip])ress air lines us iniicrli a.s jios- 
.sihlo will I out rediLcriiig exciitatioii 
below tlie needed level. 

Lirpiirls can he handled dii-e(;Lly hy u.siiig l.hein to wet graphite 
powder ]>laeed on the griipliile hol<ler in an eh^c trier arc or .spark, or 
they cun he used with one of the Vdtrioiis niellirxlH for .sparking from 
metal to lifiiiid surfn<‘c‘s"‘ (Kig. 15. (J). Also, as in the Liiiulegardh^ 
melhcxl, ]i(juids (‘ttii he introrliiced into a flame tlnit can then- be 
excited electrically, if neees.sary. 

15.6. Moving-Plate and Fractional Distillation Methods, lb was 

shown hy Maiiiiktipr and Pct(‘rs'*' (lial when a sarnjjlcr is Iielrl in u 



Electrode <«.g.,goId) 


Hole In shield 
For emergent 
radiation 


Electrode 


Fig. 15.6. Arrangement for 
sparking from metal to liquid 

surface. 


** I'', Twyiiiiin II mi S. IliU'hrii, /*r#w. iSW. Ci.i>ii(lnii), A133, 7'^ (ll)dl). 
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ctcep hole drilled in the lower terminal of a graphite arc, the varloiiA 
constituents are distilled into the arc at different times. They usmI 
this fractional distillation method to increase the sensitivity of qiiaii^ 
titativc analysis, but it is also extremely useful for qualitative annl- 
ysisj especially when combined with the moving plate technique. 
Prctiss,^* who took several successive exposures during the burning 
time of the arc, mentions that fractional distillation was useful for 
separating lines which happened to lie close together. The plate 
can be moved continuously parallel to the spectrum lines dLiring the 
ex|>osure,^° by hand or with a small motor provided with a suitable 
reducing gear, and in. this way resolution in time is effected evon more 
conveniently. I^igure 15.7 shows such a plate, taken with a medium 



Pig. L5.7. HkiToviiig plate Bpectrogram of a brass sample la a carbon arc. 

The elapKect time wiih 1 iiiiti. 


quartz spectrograph. The plate was niovetl utiironiily at such a 
speed that 4 min was required to cover tlie di.staticc from the wiive- 
Iciigth scale at the top to the bottom of the p]iotogni]>h. At the top, 
just after the arc was started, lines of zinc, cadniiuiii, lead, and cop]>er 
predoiriinatc. After about half a minute, zinc, ciidiiiiuni, jukI lead 
disappear, the copper spectrum is greatly ciiliauccd, anil iron lines 
appear. These last for another minute or more, there is a flush of 
calcium and aluminum lines, and finally there is nothing left except 
weak copper lines, a carbon line, and the eyaiiogeri bam Is, 

“ Ip- Preiiss, Cfiem. Krtie^ 9, 305 (10S5); Zeilackr. augew. Mia.t 1, OS (IOS7). 

“ See IJ. JlieliiinJson, Gciieriil ncfercnce J5.13, piige 
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TJie ftdviintages of using the moving pliitc arc agiiin a.p]mrcnt on 
inspection of Fig. 15.8, in whicli the intensities of lines from elcmeiiLs 
having cli/ferciit ioni nation and excitation poteii tints arc ]>lotbecl 
against time a.s 50 ing of brass turnings is burned in pure graphite 
cJcclrodes. If the spectrogram from which the.se data were taken hat 1 
been obtained from a single 10 sec expo.surc, the linc.s of botli elements 
would have been lost at concentrations 100 tinie.s greiibcr than those 
reached by spreading the light from the arc out on a time scale. 
Similar .‘icnsilivity could have been attained, of course, by phot<)- 



Time in Seconds 

Fig. 1-5. Si latensily-tiiiie curves for clilTeront cloniciits in Lhe same sainplo. 


gl'H piling I lie lire I'r)!* 10 seer at just Mie proper lime, bul Ilur be.sL lime 
1(5 lake I his exfMJsnre varies from eleirieiil to (‘leriietiL and from .sample 
L(5 stiinpje, and the iiu>vi]ig-plale Leelniitpie gives the op]5orttitiity bo 
seli'cl llie (>]5liiiii]iit ]>orlioii of llit*^ expo.^iirc for eju’li clenit'iit. 

Xlic inoviiig-pInLe riielliod is e.S]jeei(illy vii]iiaJ5le f<jr fjiologieiil 
Tiiaterial, in wliieli the cliitnieler of the matrix is often .sonu^wlial 


Lnrk'teriniiiate. Tlie croud i lions of excilatinii at any instant are (lie 
<‘Ofiiplex result of a iiiiinber of difleiviiL I toiling pcjiiits, diO'iision rales, 
and excitation and ionixalioii poleiilials. If fairly high croiieeii I ra- 
tions of a inalerial having a low ionization j>otentiiil and ti low boiling 


prjiiiL arc present, the excitulion eoiidi Lions in Lhe arc are depre.ssed. 





QUALITATIVJ3 ANALYSIS OF MATEHIALS 


ttis 


Scribner and Mulli 


metliod. 


sample 


development to the 
he carricr-di^iUiallon 


o spee up the wasEiing** into the arc stream of the impurities being 

1 ^ I* first convert the sample chemically to a form iiaving 

ug" 1 VO ability, so tliat the rate of distillation in the arc will be in- 
creased. They then mix a carrier material of intermediate volalilily 
o t ie amount of about 2 per cent with the powdered sample. Tliis 

OJlTniA** nrkav* li*. ■! _ ^ *___ 


may be gallium 

be 


used by Kent 


suitable. Use of such material results in a speeding up and spreading 


effective 


mctho<l 


^ Q iiuiiLja wiicn tne movmg-piate 

equivalent technique is used. 

ttre sometimes recomnieucled for high sensil 
o < etcction, because it is thought that weak lines can be detected 


readily 


Weak 


mcieasef , however; and since what is wanted is increased density of 
e me over that of the rapidly increasing background, high eoritiwst 
or, letter ^tlll» rapidly increasing contrast is a more desirable plate 
property. Phis observation suggests that slow plates^ such as 
procCTs p ates, are desirable for qualitative work when limiting sen- 
sitivities are to be reached, and such plates are indeed found to give 
a reo gain in detection .sensitivity. The use of a high contrast 


ns 


15.7. Analysis for Elements Difficult 


Pile SO elements 


* — lo ueiect. j. iie »u cicmcins 

consu eie east susceptible to spectrograph ic analysis, either qiialita- 
i\ e or quantitative, arc the permanent giusc.s, the four halogens, sulfur 
anc se eiiium, polonium, actinium, protoactiiiiiun, thorium, and 
uranium. n recent years it has been found jiossible to aiiulv/iC for 

til Or* I IITH _ T ’Tfci 1 ■ i-fc-i I . _ * 


graphs of high res( 
tion and liutidling 


apectro- 


n 1 — spectmgrapiiicaiiy, not only bc- 

ause cy fl-re lard to excite but also because their principal lines lie 

e ow 0 A. This vacuum ultraviolet region has been sitidictl 


I7 S' II- Mullin, Jour. 

is, Kent rri. unpublished report. 

'* Miit .ec ll. A. Wolfe and O. .S. Duffendaefc, 

fllso fe>(>Lnnfd> m 


AW. nur. 37 , 300 flOW). 

Cieneral Ilcfcrencre 1,‘9,1-b pnfl® 
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extensively in scientific laboratories* and it is usual to find lines oF 
nitrogen, oxygon, and other gases appearing on almost all vacuum 
spectrograms. These elements can rcatlily be fletcctcrl by the 
methods of vacuum spectroscopy, cspocinlly in hot spark and other 
sources having high excitation (Chapter 19), Gnttorcr and Frodl 
have investigated their excitation with high-frequency sources and 
have developed mctho<ls for their rictcction <lowii to low conceii- 
tmtions. 

Sulfur and selenium show no ultimate lines in most tables because 
tlicir sensitive lines lie at wavelengths shorter than 2000 A. Harrison 
and Merrill developed three diftcreiit ways of iina]yr.ing for these 
two elements. For sulfur the three lines that theoretically should be 
the most sciiHitive lie between 1807 and 1820 A, while for scloniiiin 
they lie between 1000 and 2002 A. The stamlard type of qiiarty. 
spectrograph does not (|iiitc mic;h them, because of absorption by iLs 
cjiiartK o])tical train and because of the absorption of light of these 
wavelengths by oxygon in the air ami by the gelatin in the photo- 
graphic emulsion. Tt Ls also necc-ssary to overcome the efro<!t of tlic 
high excitation ]>()tentials of sulfur and .selenium, whicdi arc above the 
ionissatioii potentials of the metals forming the usual iniibrix. The 
latter difficulty (?an be overcome by Ltsiiig iirc.s of high current density 
or sparks with high average excitation. 'Plic Foniicr diflitadty wfi.s 
overcome by fliisliing an ordinary speertrograpU cnntiruioiisly with a 
si renin of cfoiniiicrcial tank nitrogen, allowing this to leak nut the slit 
against the arc: or spark placed diref:tly in front of it, aiu 1 by using 
sf>cc*ially sciisitim.nl plates. AVIicn a lithium flimride n])ti<‘al briiin or a. 
dilfractioii grating was used instead of a ejuarts^^ iwism, an increase'! of 
sensitivity nwiilted. Ily this nmaiis, nickel was siic'c cssfully aiialyzt^d 
for sulfur down to conc'cmbrations below I in 10®. 

riari'i.son and Merrill carried cuit similar analyses by using inprarecl 
lines of sulfur which, though not the ultimate linos, wc^re found very 
sensitive whcni uscmI with niodern infrared i)latc\s. Sulfur was also 
nnid^'zcd in tlu': ordinary s|H>ctriim mnge by using the hot spark and 
dcibeeting the stronger linens of SIT and Slfl. ^I'he fir.sL of these 
three methods was round most ccinvcmient and pnictic‘al, but Llio 
hotlow-ciilhoflc incdliocl was foniicl later to clc^tect S and Sc at still 
lowe r CO lU'cn I nil ions. 


A, CljiLlorrr iiiifl V. Fniell, /f/r. 1 , ®(JI ( 10 - 10 ), 

^ Stro (L 11. Iliirrison Jind U. I'. Merrill, (MMimil llt^ri'nriirH? 10,10. 
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Konovalov and Frisch®^ used the hollow cathode to detect nitrogen 
and nrgon to a few tenths of 1 ijei' cent. McNally, Harrison, ftnd 
Rowe'* have developed a method of spectroscopic analysis of tlic non- 
metals with emphasis on analysis for fluorine, and their paper gives 
references to previous papers on the analysis of gases sixjcti'oscoiii- 
cally. They studied the relative sensitivities of fliionpe lines in the 
vacuum ultraviolet region and in the visible, and found that certain 
visible lines appeared more sensitive than tiie theoretical ultimate 
lines of fluorine. By using a specially designed hollow- cathode 
source, they were able to detect as little as 10~® gram of fluorine at a 
conccntrational sensitivity of less than 1 in 10®. Chlorine and aulfur 
were readily detected in amounts as small as O.S /xg, and 1.0 /ig respec- 
tively, in samples weighing 20 mg. 

Fluorine can be determined spectrogrnphically by adding calcium 
salts to the sample, if necessaiy, and using the band head of calcium 
fluoride at £201 A, since the CaF molecule resists dissociation in the 
arc. Papish, Hoag, and Sclinee** obtained an absolute sensitivity 
limit of 10 of fluorine by this method. 

15.S. The Qualitative Analysis. J'igure l.'J.O shows a- typical 
iua.ster plate marked with the sensitive lines of the ppiiit'ipal cleniciils 
obtained with R,U. powder (§ 9.3). The extra trouble of preparing 
such master plates is worth while for any spectrograph that is to be 
used c.Ktensively for analytical work. 

It is con venient in making a qualitative analysis to put the elements 
sought into four categones: major constituent, minor constituent, 
trace, and absent, corresponding roughly to the ranges 100 to 1 per 
cent, 1 to 0,01 per cent, 0.01 per cent to the miniiiiiim <letcctnhle, 
and less than this. Such categories niid limits arc only npproxinuale 
and will var 3 '' greatly from element to element. Often ti great deal 
of scniiquantitativc information can be obtained from the reliiLivc 
intensities of the lines, particularly when several similar .samples are 
being compared in which the amount of one element relative l« 
another is changing. The temptation to e.stiniiite ainouiits willioiil 
some sort of control should be resisted, even if the e.stiniate is no 
closer than a factor of 10, since the iiitcii.sity of a line depeiids on 
many factors in addition to the concent ration of the element tjciJig 
studied. A typical qualitative analysis report is given in Table 


« V. A. Kdiiovnlov and S. E. Frisch, Jour. Tech. Pkyn. (U.ff.S.n.). 4, (10^1)- 

“ J- Papinli, L. E, IIcMig, and W. E, Snec, Ind. Kug. Clmm., Autd. t'd., 2, SiUiJ (IDJJO). 













448 QUANTITATIVE ANALYSIS OF MATi^RlATLS [JlS. 

TADLB 15,3 


Repottrr OP Spbctroceiehical Quai.itativr AMALiVsEft 



M =■ conslilucnt probably major 
m n consLiLiient probably minor 
ir a conalilucnt probably trace 
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CHAPTER 1.6 


Quantitative Spec trochemical Analysis 


Quantitative analysis Ob’ matbiuai-hS uy emihhtok spiucrruaHCOpr 

is fi'cqiicntly refeiTcd to as xpedrocltemical analyftiit^ less frcqueiilly ns 
specirmn analysun^ tlie latter term being likely to be confused witli Ibc 
analysis of siwctra. Since 1930 tbc development of s]5ectrocliDniicnl 
nicbliods has been rapid, and tUey c:aii now be iiiatlc so preci.so, win Ims 
carried out so rapidly and simply, and arc used in so many roiiliiw 
industrial applications that they must be consitlercd as well tested nnd 
established . 

Spectrograpliic emission methods of qiiiintitativc amilysls enn be 
readily used whenever the elements to be determined are incLallit' or 
mctalloidal, when the chemical coinbinnlioiis in wliich they nre 
present in the sample need not be determined, and wlicn tlic 
concentrations of the elements of interest arc less than about 5 per ijcnl 
of the entire siuiiplc. Outstanding advantages of the inetlual nre Us 
rapidity, the smallness of the siiinple that can be anulyr-ed, the 
simplicity of the operations needed, tlie sensitivity available for delcr- 
niining very low concentrations of material, anil the precision nh- 
tainnble, Prccision to within 2 ])cr cent of the amount of olciiicnl 
being determined is no longer uiuisual, and this precision is La a 
considerable degree independent of the actual conccntriLticni. iliws 
it is usually ns easy to determine spectrograph ically the cliireiTiiw: 
between 0.0010 and 0,0011 per cent of lend in gold, for example, as 
that between. 0,10 and 0.11 per cent. Ten milligrams of stnnple inny 
suffice for the quantitative deterininiitioii of from 1 to 30 clcmriils, 
and if necessary ns little ns 0.01 mg may scirve. 

Probably the greatest usefulness of sp(?<‘troc'heinical methods arises 
in carrying out routine procedures where similar analyses are Ln In? 

m 

made on hundreds or thousand.s of sn tuples, as in prod lu-t ion ctmi|wsi- 

tiou control- Here the time and effort consumed in prepni'ing stainl- 

ard samples nnd in setting up special procedures arc soon repaiil in 

450 



QUAMTITATlVlj; SPISGTIIOGIIICMIGAL ANALYSIS 


451 


savings of time in inclividual bcfib), and in oonseqiicnt reductions of 
operating costs in plants and laboratories. In most of the inotals 
industries and in many chemical laboratories^ spectroclicinienL aiial^ 
ysis is now a routine control process. 

As chemical wet methods grow less precise at lower concentrations 
owing to the small quantities of material available, spectroscopic; 
inet]iod.s gain in tid vantage. Quantitative analyses can be made 
sjiectrogrnphically under almost all conditions in wJiicrli qualitative 
spcctrographic aiialy.scs can be made, tlie tlilFerciicc being lai'goly the 
control of the conditions of .S])cctrography. The situations iti whic^li 
quantitative s|)ccti'ograpliic analysis is most useful arc similar to those 
discussed in Chapter \{i for qualitative analysis. 

Simi>le quantitative speebrographic mctliuds servo for detcruiiniv- 

Lion of some 70 of the chemieal elements, in eluding all metuMic and 

■ 

mcLalloidal elements. Spcc«ial methods, sonmwliat less convenient 
than those sufTicsiig For metallic; elements, have been developed for 
sulfur, selenium, and some of the halogc;iis (§§ 15.7 and 10.1 4). SatLs- 
factory spccLi'ografiJiic mt;thods have not yet l>ccu developed for the 
analysis of guises hi gross cfuan titles, but tentative steps in this direc- 
Lioii. were di.scnssed in § 15.7. 

Quantitative determi nation of molecular eonsbiluents in a sample 
can .sometimes be crarried out with high sensitivity and excellent 
jireeision by the nieLluids of absorption s|)ectr<i]>lio tome try and 
llamiin spectr()Sco]>y, These arc {lisciissed in (Jhaptcr.s 14, 17 and 18. 
\Iaiiy points of imjiorlaiice in qiiaiililalive analysis were exn mined 
in C^htipber I.?, and the contents of that cfhapter should he carefiilly 
kept in mind in eoiinection willi the prc»l>lenis now lo be disc'ussed. 


I'TIK HASH- riUK'KDiniK OK 
Q I ’ A STITAT I V 10 A N A 1 ASIS 

'riioiigli many ]>ro<;ediii’cs of ciiiiuiLilali vc aiialy.sis are discussed in 
tlie literature and are given the tuunes <}r I heir proj>os(M'S, ])rai't ically 
all are viiriiitions of one bjusit; prot'ediire. Since the rein Live n umbers 
of atoms present in a sample arc Lo be deter mined by men ns of tlu^ 
radiation which Lla;y are <‘iiiisecl to emit mid since Lhe ciuniilily of Lliis 
riidiiLtioii cun ilepiMid on inuiiy fat^Lors besid(;s Llie luiitilier fif iiLorns 
einlLting it, a iittll ineLliod is rerpiired, KlhuinaLioii of llu* iiifhieiic'C of 
factors that iieeil not be cleLerniined citn most readily be clone by 
k<;e[>iiig as many of them coiisLaiiL us possible. 
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16.1, Basic Procedure. The sample to be analyzed may be re- 
garded ns coiisUting of the following : (a) one or more major conslilii- 
enta, which together constitute the matrix. These hiflucnce the 
excitation conditioais in the source* such as the equivalent temi^cralurc 
of burning, by the number and character of the ions they providc- 
(b) From 1 to '70-odd atomic constituents, the clomciiLs which arc lo 
be quantitatively determined, present in such small quantities Llutt 
variations in their concentrations will not significantly affect the 
excitation conditions. 

Suppose that we have a sample of palladium in which we wish lo 
determine quantitatively the amount of platinum. This can be done 



Fig. 16.1. Determination of platinum in palladium sample. The Pt lines 
(X 2650) shown In the spectrum a (the unknown) are seen to have an Inteiisltj 
between that of standard sample III and standard sample IV. 


by f^repnring a series of otherwise identical ])anadiiiiii siunjilcs in 
which the amount of platinum present is controlled, 'riiese slaiulnro 
samples are then burned in a uniform manner in an clecLric arc nr 
other source of excitation, mid the unknown sample is burned ill iis 
closely the same manner as possible. From the I'osulting spcclrognini 
that standard sample is selected which has produced Pt lines of iiiost 
nearly the same density ns those produced from the sample l>einR 
analyzed, the “unknown.” This situation is shown in Kig- Id-I. 
Here the two standards III and IV are seen to liracket the unknown 
sample a. A iiexv series of standards interiiiodiiite in PL coiitriil 
between ITT and TV can then he made up and huriiecK until out' is found 
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whose Pt linos duplicate in in tensity those of a. The unknown can 
then be assumed to liavc the same conccntnition of Pt iis this stujidnrcl 
sample. 

In practice it is not necessary to match the density of the line in a 
standard sample exactly to Hint of the unknown. A working curve 
of con centra lion against intensity of light emitted under controlled 
conditions can be plotted, on which the unknown concentration can 
then be interpolated from mcasiircfl densities. It is essential, how- 
ever, that standard and unknown sain]iles be ti^ated as nearly as 
possible alike. The precision of an analysis will usually depend on 
how closely this duplication can he eoJitrolled. 

16.2, Sources of Bxcltation. Arcs spark, and flante excitation, as 
discussed in Chapters H and c^aii all he used for quantitative 
analysis, and any one of these may .serve host for a partiendar type of 
sainpie. In the electric are more of the sample is likely to be eoii- 
SLimed, and heiute the sample can more ca.si]y he inaile truly I'epresen- 
tativc of tlie material being aiialy'/e<l. The arc produces very bright 
speetrum lines, involve.4 simi>le electrical circuits, aii<[ produces no 
confusing air lines that sometimes interfere with spark analysis. 
Soiiiewliat higher excitation, which is .some times ncc<lcd, c^iii he 
obtained with the Sfnirk than with the are in itir. The.sf>ark reqiiire.s 
less attention than the arc, consnnies a smaller Jiinount of mater ial, 
iiiny prodiiee less eoiitiniious l>a<;kground and fewer interfering bands, 
and A^fiporizes volatile material less rapidly. With special nieiliods, 
such a.s tliose of Itamage'^ and of Luiidegtirdh,- flatties of various types 
have eertaiti advantages, especially when biological sit.ni pies arc to be 
cfOiisiinied. The flame jjliotometer has lK?en referred to in C^hapLci' 16. 

For eertaiti types of samples tlie A(1 arc method developed by 
I>ufFeii<litek atid his eollaborators gives very high sensitivily, aiirl the 
(wUmmackicht or (^iilhode-hiyer method flesr:ribed in § give.s 

ec|ually high sensitivity under otlier csmdiliotis. The IioIIom' caLhode 
(§§H,lf) and 1.6.7) forms iin extension of the cut It ode?- layer inellKid 
and probably gives the liigliest sensitivity of all .soiire'os when an 
extrcTiiely sttiall amount of material is available for exeiialion. The 
reason for lit is sensitivilv is that; when the cathode layer is curved 

I ^ 


>11. Kiiiiiafii', Niihtrr, 123, mil (UViO); i7i#V., 137, «7 (MHUI); U. J. M. 

Slicl(l<ir], iiiid \V. ShrlilMii, /Vof, (Ij<ni«i(jri), fnL3, SUH 

’ II_ IniMfk’ftJirrlli, y.rifxrhr. f. G6, IfH) ( litSI)): tsin' iiNu (^ritoriil 10. S. 

* (), S. I )iifT(>ii(lii<'k mill 1^. H. /*r«e. .Iw. Tfst'nrt 36, 

:iu> (nrMi). 
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into n complete cylinder, an atom has more (lifficiilty in wainlei'injf 
from the stream of excitabioii than in other sources. 

The accuracy of quiiatitative analysis is iisiuilly limited by fliictun- 
tions in the source. Causes of these niictuations arc difl'eroiiLinl 
evaporation, cathode spot wandering, current fluctuations which arc 
caused by tliese and obhei* effects, and irregular train length in tlic ense 
of spark sources. For this reason special sources, such na the con- 
trolled spark, discussed in Chapter 14, arc of special iin]?ortnnco in 
spectrocheinicnl analysis, 

16.3. Form and Preparation of the Sample. In preparing samples 
for burning, it is important to minimise handling and to simplify 
prcpnriitioii procedures. If the material to be analysed is solid nnil 
CRH be obtained in small, uniform stick.s or ]>ars, the.so can Ikj iischI 
directly ns *‘solf-clectrodes.** A common source of error is irihomo- 
gcncity of the sample, When a sample is not uniform, it miiy be 
ground to a powder, mixed thoroughly, and packed in ii hollow elec- 
trode of graphite or some other conducting material. The aam|KO 
may also be dissolved and the resulting solution iwed to moisten 
graphite powder, which can then be packed into a gi'ajjhite elccli*adc. 
Soinetinics a spark can be made to puss directly to a liqiiitl surface 

(Fig. 15.0). 

Graphite, copper, silver, and gold are used as container electrode 
materials, principally because of their high melting points niul 
because they can be readily obtained in speetroscopiciilly pui'c form, 
Grtipliile is much more widely iisc<l bliaii the oLlier thrive- because of 
its desirable electrical and thermal charactcristitrs. SoiiiewliiLt higher 
cxcittttioii is obtained in an arc between graphite clc-crlrodcH tluin 
between Tnctallic electrodes. Pellets of gniiihitc or oilier iiiaterinl 
can be compressed in briquetting apparatus, lo give exact aiiKiiml^ of 
uniformly dense material for burning. 

16.4. Standards for Comparison. By far the gi*caLest iiarl eif the 
work involved in making a speclrogntpliif’ ([iianlilative analysis lies 
ill preparing tlic standards, which must be siinllar in general ccmstitii- 
tion or inutrix Lo the sample to be analyzed Init which t^oiiLiiiii known 
amounts of the elements being deterniiiied, Fortiinatt'ly, one stiiiul" 
ard sample will serve as a container of known lUTioiiiits of a numlx^T 
of elements. There is no limit to this iiiiinbcr exciept tliat the toUil 
c[unntity of varying elements must lie kepi low ciioiigli l*i avoid 
afiocting Ibc matrix conditions. Thi.s requirement uHiiaJly nusuis 
below 1 per cent of tlie entire sample, though in certain ciiscs as much 
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ns 5 per cent is }>crniissiblc. A spcctrojp’iii^li with siifHciciit resolution 
must be used, of course, so that the lines of the various elements do 
not interfere. 

One per cent of zinc in a sample of sodium chloride will give much 
less light lluiii I per cent of zinc in a sample of gold, For example, 
been use the excitation coiiflitioiis set by the previilcnt sod in in ions in 
the first ease are much lower thiin those set by the prevalent golil ions 
in the accond ease. In analyzing for zinc in NiiCl it woidd be tieces- 
.sary to make standard samples in which the matrix was Mad, ancl 
varying amounts of zinc were added. In analyzing gold for zinc it 
would he necessary to have a matrix of metallic gold Lo which varying 
amounts of zinc were addetl, and to have any sodium ions ]n'escnt hi 
C|iiaiitity in the unknown gold sam])ic also present and constant in 
cuiiGcntrabion in the sUttidard samples. Elements of low boiling point 
and ionization ])otcntial, such as the alkali metals, exert \'^ery powerful 
effects on the miitrix, and small variations in concentration oF these 
may produce large chnuges in the light emitted by a minor constituent 
in the same sample. A sample of gohl coiitainitig I percent zinc and 
no copper can he expected to emit zinc lines as strongly as a similar 
sample containing 1 per cent of zinc and 1 per cent oF cojiper, but if 
as much as i> per cent of (‘opp<^r i.s intro<Iiic‘ed, or 1 per cent of sodium, 
the iiil.eii.sily of the zinc: lino.s can he exiiecLed to he <lifV'c‘rcMi( . 

Metnlliirgiea I stfiiidaril sum pies can be made either hy mixing 
alloys ill llie indii<‘lioii ruriuicre,^ or by dis.solving the .siniijiles in acid 
In produce sails wliicli can then be ground and thorn iigldy mixed.*'^ 
Another proceed lire is lo mix mcliillic powders with it basic matrix 
hiiirer material, siicdi as graphite or a salt, .such as uiiiinouiiiin -sulfate 
or aniiiioniiim (*hlori<le, whicdi produces few speelrum lines. 11 io- 
logical samples to be exaniineil for traces of iiietals trim usually ho 
<]ige.«iteij with iK'ids or ashed iit ii furnace bo remove organic coiislilii- 
eiils, and then added lo some matrix base that cmiii be reproduced in 

Ijreparitig sLii adit n I.s. 

One eif the siinplc^st methods of pt'e|>nriiig a standard is to take 
.smiic of the ac'bnal inateriiil being atiitlyzecl and add lo it known 
amounls of the ehuiieals to he determined. 4'his procedure involves 
exini point ion btu'k Iowan I zero concent ml ion in .suecsvssive iipj)]'oxi- 
iihalions, however, whicdi is inuch less pr<*ci.se I hart if a ]>iiro sample 


^ Si‘L' CieiKTiiI itl. 1 iirifl l(l.*2. 

^ See Ciesieriil Eieferencc's 1(1.1 niifl 1(1. !l. 
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oF similar material can be obtained and used ns the matrix for llic 
addition of the elements of interest. Every spectrographic laljorntoi^' 
ill which quantitative analyses are to be made should build up a 
collection of standard samples ns rapidly as possible. 

16*5. Burning of the Sample. TJic role of the excitation source is 
threefold ; to vaporize the sample at ii rate as conti'olled ns possible; 
to dissociate all molecules present into their cons titu cut atoms or 
atomic ions; and to excite these atoms or ions to emit mfliatioji. 
\Vlien very low concentrations are involved, it is important to cause 
every atom of the element of interest to emit as miicli light os pos- 
sible^ and the methods of improving sensitivity discussed in S 
may be invoked. 

Fundamental in control of the .source, however, is the necessity of 
treating the standard sample and the unknown samiile exactly alike 
Such equal treatment can be attained satisfactorily only when both 
samples have the same matrix, are subjected to the .same conditions 
of e.xcitation, and are caused to emit riuliation in tlie same way* 

16..6. Selection, and Use of the Spectrograph. Quantitative 
analyses can be made with a visual spectroscope, but this inctliojl lins 
fallen into disuse except for rapid, .sliort-ciiL analyses of fauL'Iy IiIrIi 
concentrations. The Spekker Stccloscope (Fig* mid § 15.4) is 
furnished by tlilger fitted with the In.sta eyepiece for this purpose, 
Usually a spectrograph is better than a vusiuil spectroscope Imjcmiiisc 
it gives greater precision and permits use of the ultraviolet spcctniin, 
a region wdiere suitable lines for analysis of injiny elcinciits lie. 
Moreover, a permanent record is given, A ghuss-prism apeclpo- 
graph can be used, but a spec trog rap her limited to the vi.sihle rogi<^i' 
alone is decidedly handicapped. A qua-rtz sj)cctrograpli of mediiiui 
clispersioii will serve for quantitative aiuilyses of clciTiciits iJi the first 
three rows of the periodic table, which have eompaniLivcIy simple 
spectra. Most analyses are made vvitli prism spectrographs luLvIcg 
a focal length of G ft or more, or with gratings of Focal length 2 lo 
6 meters. Ferrous materials and otlier.s containing ji matrix wliose 
spectrum is complex require a di.spersiori of 0,15 inm/A or iiiore- 
Wherc only a limited spectral region can be covered, more cloinenls 
can be analyzed for by using the range 2400 to 4000 A tliari any other 
region of similar extent, but provision should be made if possible for 
covering the range 2000 to 8000 A. 

It is of particular importance for quantitative luui lysis tlint hnek- 
grOMiid light and scattered light be kept to a miiiitnum. The spec- 



457 


§16.7] QUANTITATIVE SPIiCTaOCIIlSMIGAL ANALYSIS 


trograpli slioiilrl of course cover all spectral regions tliiib include the 
Ibics chosen For the aniily.sis. It also should litive suFHcient dispersion 
so that the encroaching hiickgroimd will not limit to values greater 
than those present in the saniple.s being analyzed the sensitivity to 
concentrations of the elements being debortuiiied (see § 15.3). It 
should produce a .spectrum ])latc on whicdi ns iiLany as 10 or £0 ex- 
posures to various standard and unknown suniy>les can be taken. 

It is iLSUiilly not difficult to produce snflicicnt radiation from a 
sample to obtain a satisfactory .spectrogram with an exposure biine 
of 6 min or less. If the cxpo.suix^ time is less tliiin 30 sec, it is .some- 
times <lesirablc to lengthen it by artificial means, such as the use of 
diaphragms or rotating disks bo reduce the .speed of the spec: trograpli, 
since a burning time of I iiiiti or longer muy be necessary to ensure 
the consumption oF a truly representative sample. 

A stiginatic spccti‘ogra])li is especial I 3 '' suitable for analytical pnr- 
pc).ses, because with it simple methods of j)hotometry can be used. 
Rotating-disk photometry re(piii'e.s uniform i I hi mi nation of the slit, 
which can best be carried out by one of the methods discus.scd in 


§§ 3.3 and 13. £"13.3. It is desirable also to u.sc a spei* trograpli that 
produces straight siwctriini lines. A fairly large fioiicave grating in 
a Wadsworth stigmatic mount (§ 4.7) will be Fouiiel especiiilly flexible 
and coiiveiiicut for ainilytical work. 

16.7. Selection of Lines for Quantitative Analysis — The Working 

Curve. If very low cotic:entrabioiis of a minor eonslitiieiit are to be 
determined, it is usually necessary to iist^ its ill li male lines for iinalyLi- 
cal purposes. Eor Iiiglier conceiilrations, lines that lie in a more 
coiiviMiieiit regiiiii of the s]iccrtriim may be selected, bill those lines 
should be chosen which have a striiiglit-liiie uxirkintj curve in the eoii- 
cen I ration range which is of interest. Kigiiix^ l(L£ contjiins a typical 
working curve, in which Llie jiercentage coiic!en trillion of a minor eon- 
sLituenb is ploLteil logarilliniically against llic logarithm of the ratio 
of the intensity of one of iLs speed. ruin lines to tluiL of a line of Llic^ 
iniitrix. At very low coiiceiiLralions, all liiies show a linear viiriaMoii 
of intensity with the mini her r>r atoms present. 'Pliis linear vn rial ion 
when [)](>LLei[ logarilhiiiically gives 11 straight line having 11 .slope r)r 
45 deg. At tlie lowest conceiiLralion.s, theory r-aii Mi us be use<l lo 
check the acLuiil rrmirsc of Llie working curve. At higher «*oiU'culrii- 
Uoiis, the values of wlii<‘li depend nii Llie line mirier coiisideral ion, llie 


coiicentratiomil siMisilivity of llie I'lirve bcrsmics less, and id. very bigli 
cojiccuLnitious an acrtiiiil rlecrease in intensity ivilh in<-reasiiig c-oii- 
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centration may arise from self-reversal. The working eiirvc is then 
curved downward. 

Two spectrum lines should be used for a c*on centration dcterminn- 
tion of a given clement. One of these is a line of the element Ltsclf, 
chosen to give higli, and if possible unifortn, concent rational scnsiLivilj^ 
30 tliat the working curve will be a straight line with a 45 -deg sLo|>c. 
The second line is one selected to lie as close in the S7>ectrum to the 
Qrst as possible, to simplify photometric problems; nncl similnr in 
intensity to tlie first line, to .simi^lify the comparison of their in- 
tensities. It may be a line of an element of the matrix material, of 
some impurity known to be present in the samples in c;oiislaiit 
amounts, or of an clement cs])cciaUy added in constant lunoimbi to 
all samples to furnish a spectrum line whose intensity remams as 
nearly constant ns possible in all cx])osures. The purpose of this line 



LjdQio Percenioge Composition — 

Fifi. 16.2. Typical working curve. is ihc inlvn.siLy of a sinrolriini Hih? in Hm' 

iiiuLrix tinil Lliai of a line due Lo llu* i'liotu'iil iiiidiT iuuiI.v'sIk. 

is to liirnisli a standard of comparison that, will intlicaLc any <'bang 4 's 
in source or photometric* conditions which might ufVccL the in ten shies 
of lines of the working element. The intensities of the working and 
control lines should also vary similurly %vitli cxcitaLii>n ctjuditioiis. 
'I'liiis if the working curve is |>lotted i»s n fnii«'Lioii the inliiisily 
ratio of the iiiikiiowii line to the control line, instead tif the nnkiu^wii 
line inten.sity alone, variations between unknown and sUiiitliird speMdni 
arc to some extent nullified. Other functions can be plotted Lo give 
I he working curve, but none are so convenient as tho.se useel in 

Fig. Ki.^, 

16.8. The Calibration Curve. If the w’orUing ami c^oiiLrol lines 
have about the same wavelength, which usually rcfiiiircs that they lie 
Jiol iiiotv* Ilian "sJo A from each other in the spcetriiin, tlie ratio of I heir 
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intensities can be deter mined from n single ealibratlon curve (§ 13,S). 
If tbey have widely difFering wavelengths, which is usually not the 
ease, different calibration curves must be used For the two lines, and 
the iTiGtlioda of heterotihroniaticj ]>hotometry ai'c required (§ 13.4). 
Ordinarily, however, hninochromalic i)hotometry siillices for analyti- 
cal purposes, since a line of the matrix or of an added internal standard 
can almost always be Found near a suitable line oF a minor constituent. 

Even when a single calibration curve can be used for the two lines, 
it is not sati.sfaetory, in general, to ])lot the working tairvc in terms 
of the densities of the two lines rather than the logarithms of their 
intensities, bec*ause the (*alibrabioii curves are almost never linear. 
This p i*o(rcdure may somoLimes be justilied in special cases over a 
limited density range, but can be jussumed a priori to be correet only 
when the densities of the two lines are e(|nal. 'Plie latter is the basis 
of the Icugth-oF-line metho<l ilisciissed below (§ 1(1.13). 



t 

1*U 

Fig, 16.3. Spectrogrnin showing Pb lines at 2833 A in n dried sample of 

coiidoiised iniJk, 


The nielli oils of phnlogntphic j>hol.(]mel ry, discussed in ('liupLcr 13, 
lire so stniiglilforwiti'tl, and I lie iiecessiiry ap]janiliis so rciiclily avail- 
able, that liicrc is liille cxc*usc for ])ci'iiiitl iiig pholoiiicLric errors to 
influetii^e the rcsulls oF ii ilalive nualysis, ^riiey can f|iijlc’ 

retuLily be kepi bedow ‘-2 p<‘i‘ cent, and errors due to non homogeneity of 
siiinplc, varialiou of exclLiillon and burning in llie light source, and 
oLlier errors of handling are iisiiiilly foiiinl U) he iiuudi greater. 

16.9. A Typical Analysis. ICvery cjuaiil ilal ive spectrograph i«i 

analysis shoiihl Ih« preceded by a (|iialiLalive analysis ((Muipter 16). 
Only thus can a sal isfaclory appraisal be inadi' of I lie iiialrix iroiidi- 
lions, of various ecnisl il ueiils not of inlerest lluil might iiilerfere with 
the delentiinal ion of lliose which are of inleivsl, and of the approxi- 
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Fig, 16.4. Calibration curve for analysis 

at X = 2833 (Pb lino). 


mate concentration rangcfi of the dements of interest. A qualitative 
analysis will also give some indication of the most satisfactory excita- 
tion conditions to be used. 

We give os an example data 
obtained in the determination of 
lead in a sam])lc of eoiiclcuKecl 
milk. After n preliminary qual- 
itative analy.sis, 60 mg of siMic- 
ti’ogruphi< rally pui'e gi'aphilc 
powtlcr was placed in a porcelain 
evaporating di.sh known to have 
no lead eon t ami nation, and on 
this 60 nig of condensed milk 
was i>ipetted direct from Uic 
Freshly opened can. The dish 

was covered loosely with a glass plate in siu;h a way that condeiiseil 
droplets of moisture would not fall hack into the sample, and llic 
escape of steam was permitted. 

The dish was placed in an 
evaporating oven and heated 
slowly until all moisture lind 

escaped; it was then baked at 

■ 

a tenifxjrature such that only 
<?harred residne in the grayiliite 
remained, cai^e being taken to 
ensure that at no time was the 
tc 111 ] le rat lire greater than the 
boiling ])oInt of lead or of any 

lend salts that might be pig. lo.s. Working curve for Pb analysis. 

rnrmcd. Tlie ash -graphite mix- 
ture was then placed in an agate umrlar, carcriilly grotincl lo ii line 
powder, and tin oroiighly mixed. Ten niilligraiiis of the resulting 
der WHS thtMi packed into the ciiji of a prcburiicd gi'ii]}liile clcclmde 
of A~hi. diameter with a l^-in. hole drilled in its <mi( 1 lo a depth of jj in. 
'I'll is eleedrode was made the positive Lerininii] of an electrics iii'r, iitid 

biiriietl at 6 iinip against a iicgalivc cleclrode (*c>iisisling of a 



Log to percent Pb 


was 

1 
I 


-in. diiinif'-ler pencil of pure graphite. 'I'hc spectra shown in h ig. l(3.H 
w-ert' ( )i i( a i ri<*i E witli n ITilger bittrow tpiartz spc<'l rogriiph, using llO-scc 
^•x|Kls^lrcs. 'I'lic plaiLc was incnsuriHl on a <l<'iisiloniclcr; IIm" <'nli- 
l)ralir>ii aiat svcjrking crtirves obtained are shown in h'igs. 1(1,1 and 1(1.6, 
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Many typical analyses involving Mimples of di If event types will be 
found described in the liloratui*c (see (leneriil lleferenecs 16.1—10,7). 


SPECIAl. METHODS 

■ 

The basic inctliod deserribed in the precsuliiig sections was gradually 
evolved between 1890 and 1940 and is sidsjec^t to many viiriatlons. 
Such investigators as de Orainoiit” worked Fr>r many years to develop 
methods that would be sullicftiently reproducilile to give quantitative 
1*08111 ts. Beeaiise of the large niiinber of variables that govern the 
intensity of the sped rum linos produced l>y a given quiiiitity of mate- 
rial, many investigators thoiiglit it iiupo.ssih1c to gauge accurately 
tlic quantity of a siibstancre in a mixture by mcan.s of its spectrum. 
Eiarly workers suggested four tlilYereiit methods for iiieasuriiig the 
quantity of aii impurity ])r(.^sent : (1) the longtii of tiie lines ])i'oducccl 
in a spark, higher coiu^eiitrations producing lines wliicli extended 
further from the electrode;^ (!si) the niiinlK^r of the lines of an element 
that api^eared on the plate, only the iilliinute lines remaining when 
the concentration was below cerlaiii limits;'^ (6) the iiiLensltiCxS of the 
lines; and (4) the time taken for disaiqiearniice of the lines of a 
volatile element as it was burned out of the Jirc. Any of these 
methods isiii lie used c j mil i tali vely, but only the third has been 
<lcveloi>ed to give pretrise cjiiaiititati ve resnlls. 

Much of the cre<lil for the developmeiil nf salisfiurlory metliods of 
(|uantiLati ve analysis .should go l.o cle ( Iran ion I,*' who spent years 
couviuesng his colleagues Ihal the melliod could be nuule reprodueible. 
Work ill America was givtm an ini]H'liis in by a classical paper by 

Meggers, Kiess, aiul Slims<iii,^ entitled 'H^uanl ilal i vi* Spe<’Li'o.sc'opie 
Analysis of Materials.*' Tliis outlined a striiiglil rorwiirtl tiielhod of 
eomjiari.son of saiiifiles. relying on (^oiislaiiey of exeitiiLioii c‘oii<]ilioiis. 
The next major step forwnrd resiillisL rroiii the work of (xerlach iind 
Schweitzer,"* who introduced the iiieLliod of internal .standards iind 


^ A. (Lu <!riiiiii)i]L. /trtuf., 14A, 1101 (11)07;; ibitf., ISQ, O (11)1 1); ihiri., 171, 

111MJ (11)^0); Rvr. J/r/,. 10, 00 (10‘^il. 

= J. N. lAirkvrr. Tntnff, ( (1). 163, (1K7M>; ihi't/., 164, 171) (IHTl); 

J. X. l-tH?kyi‘r iiiiil \V. <*. ItiilH-rls. ihiif., 164, ini'# (1S71-): A. (k'chiiiliiii. /it’ntlironfi 
II. Arrad. fdnri t, 0, .'i7Jt (lO'^O). 

* W. N. llnrllt'v, /ViiV, Triiii.<i. (Ltindnii) (I). 175, aO (ISHI); A. (1. 1,4'riiiHrd iiiifl 
]’. ^YIlelcul, l*riK\ /fo.v- Ifiihh’ti 11, 'i:i (I DOS). 

“ ^V. I*'. Mokkcts. < Ivii'ss, aiul t'. S. Stiinsiiii, jVw/, tiiir, Shiinlftnl.s Sri. Petftrr 
-I M 

W. Ct(»rliU‘[i iiiid 1*1. Si'll well v.i*i‘, KJ.O. 
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the coneci>ts of homohygons pairx and fixation peiirs. This inctliod, 
though now seldom used in the form envisioned by its autliors. hns 
made n very defiiiite eciutribntioii to the basie method. 

16.10. The M-ethod of Internal Standards. Gerliicdi and Schwei- 
tzer dcvelo|jcd this ]nctlio<l in an attempt to avoid LLie necessity of 
maintaining iv gruiLp of standard sain|}le.s coiitainiiig known concen- 
trations of inijiurilies. They sought a method in which the crumpim- 
aon witli standiir<l samples of a given eleineul-inatrix ooinblnidiuii 
could be (lone once anti for all in a single laboratory* so that from 
published lists anyone could deterniine comrcMitrabions by merely 
iiiatcliing the relative intensities of constituent and matrix lines, 
called lionittloffoiift pttirn. Since the intensities of the Uiu^s of a major 
constituent of the matrix do not vary greatly with ec>iit;entraLinn* 
whereas those of the minor constituents do vary gitmtly. it should he 
]>ossiblc to select strong lines of the minor cotislitiicTib tliiiL iil low 
4:0 11 cent rations will be ccpuil in iiitensily to weak lines of the matrix. 
ICcpiality of intensity would be indicaled by etpialily of densily on 
the iilate. Cierltu'h and Scliweil/.er round lhal the ecpiiilily of iiUrn- 
sity of siic'li a pair of lines would be iiiainlained under widely varying 
cronditions {>f c'xciLation, 

:V set'ond ciHweiit introtliK-ed by (lerltvi'li and S{*liweitzer was lhal 
of fixation pair^ nntithev pair <if lines of llio matrix seloeled .so iis 
t.o be etpial in intensity under the exeilation (snulitions listed hiiL 
exl.veiiiely sensitive in inteiisitv rnlit> to variations of excilulion 
('<Mnli l ions. 'I'lins I hose Hues e(mld lu* used to iiulieuto tlie atliiiu' 
iiKUit of c'orret't excitation conditions. 

VI any variants of the (.Ferhicli and Schwe^Uzer mellic^d have been 
dc'scrlbed, but of these the princ'ipul coiilribulion lhal reinitiiis in llir 
basic iiK'lliod is the procedure of producing the working curve hy 
iisitig the iiitensily ratio of a pair of lines of the minor const ilucMil and 

iiialrix rather I bail the intensity of llie formeu* Hue. Pairs of lines iirr^ 
selcloiii used today either as homologous or fixation pairs, siiice more 
dirci'l mc'lluHls of deteriniiuition are available. 

'L'lie fid va II luges c^f the mctliod of lioniologoiis pail's are Llitd it 
riirnislics a null method of lihoLonicilry, since it is easy to judge when 
llie dciisilic's of a pair of hues are eciual, and lhal it avoids Ihe neces- 
-.ily ot‘ I ii'i'pa I'ul ion of standard samples wlieiu'ver an analysis is l<fc lie 

Its gri‘al disadvtiiiUige is lhal it is largely a llieorc'ticiil 
riK'lhficl. siii<-(' it makes the assiinipbioii Lhal iiialchiiig of the fixalimi 
aiid boinohjgoiis p<iit's has been carried out with a fairly small iimiilier 
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at spectrognims, whereas in the ease at an aelual analysis a great 
many specti'ogriims are likely to be required before satisFaetorj' 
matching is obtained. 

Gerlneh and S(‘hweitzcr’s grciitcKl (contribution is the method of 
iiitcriinl standards, involving use of a line of the matrix or an added 
material as a control in the basic method. 

16 . 11 . l^ethodB for High Concentrations. The iii)]>cr limit of 

concentration at wUieli ordinary methods of quantitative S] 3 Cctro- 
graphie analysis become uncertain is usually given ns 5 ])cr cent, 
tliuugh in some cases 10 per emit (concentration (*aii be reached when 
only one variable element is invtdved. In (*ei'taiii cases great tcarc 
must be taken when even 1 per cent of variable' material is cxtxwdcHl, 
for example when alkali metals or otlucr (dements are involved whicli 
have ionization potcMitials widely dilVereiit from that of the matrix 
material. Two special iiu^tliods ar(^ availalile, hoW('ver, that can he 
used to make analyses at aii^^ (Miiiic(niLratioii. They ar(i not very 
precise but Iiiiv(^ the advantage of simplicity. 

liar rat t" tiiado use of tiic fact llial. a working cnrv(^ of a s<n’t can 
be c-stablisluxl with a series of sampU^s of known (con(.Hiiitrati(iii.s over 
the cntiix^ range of I to lf)(t p(^r (‘(uit, llis nu'lhod is of value when 
only one coiti}>oii('nl of a system is being viiriiHl. bik<c other higli- 
coiicentratioii iiud.hods, it sidfers in comparison with wet gravinu^tric 
methods, \vhos(' pr('cision iiicivases with tlnit (ronceiiLrntioii of material 
available, wlieivas I hat of the sp(?ctrograplii(* inelh<jd reinaiiis essen- 
tially (Tonslaiit aL all coticeiiL rat ions. 

The llarratt imdliod, which cun be used either phoLograpldcally or 
visually, r(’!sls on the measure me id. of the relative intensities of a 
s|)eciruni line prodiiec'd l)y two iliffen'id sources, using a standard 
sptHanmn in one soiirts' and ii s})ecini(cn of I In’: sidislaiice to bc! a.iui.lyz(Hl 
in Lh(^ otlu'r. Kvi'm jiI such high coiksmiI rat ions as ;>() p(^r cent, a 
definite ri'liitionship ('xisls In'tweeii I he ratios of the (inaidilk^s of tlie 
elcineiils in Lhc' .spt'ciiiu'us and I he relidive iiiUaisUies of I heir speetruni 
lines if prop(^r lines are cho.seii. However, lliis relat ionsliip is by no 
menus the simple oik* that holds at low coiKvtd rations, and it is 
iiecressary to us(' t'xaclly siniihir conditions of excitation for tlu^ two 
sourctis. Particular care iiiiisl be liikeii in sek'cting limes to avoid 
errors dm’! to si'lf-n’versal and to (’Xfdlalion dilVerem'C's. A s('ri(*s of 
alloys (Jr mix In res must In' pri'pared for iis*‘ in the standard cxpcjsurcs, 
but once, Lliesi* have Ix'eii obtained, inU'rpiiltd ion is not diflicidt. 


■■ ■ di ■ H ■ ■ ■ 

'' SfH* (rt'iH'nil HJ.l. HW. 
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EcLrratti s apparatus consists of a sparlc gap liavlng two sparks in 
series, with means for adjusting the sparks to equal lengths. lAghl 
from these two sources is sent througli a polarizing head that is used 
to decrease the intensity of one beam relative to the other, mid then 
through a visual spectroscope or a spectrograph. A working curve 
similar to that shown in Eig. 16.0 is set ui> by measuring with the 
instrument, for a number of standard samples, the intensity ratios of 
lines from the two sources. From this cnivve one fjitii determine the 



“ a - 1 o 1-1 -t-z 

■ 

Ldqiq Percentage Composition 


^ Fig, 16.6. Working curve obtained with the Barratt method. 7 ^ is the inlon- 

sjty of a line in the unknown element observed in ime spiirk notl 7 is Llic 

intcn:4ity of the sniiie line from a stanflard observed siiiiiil tiimtiMtsly >n 

the other spiirk gup. 


percentage composition of an unknown sample excrit<*«l in the spark, 

Po obtain precise results, it is necessary to provitlt* meat is wliendiy 

the substance to be exaiiiiiicd can be made to produce raeliatioii llml. 

is truly representative of its condition; production of .such ra<liiiLioii is 

often difficult. Flie precision claimed is about !> per tiont of I he? 
quantity of material present. 


A second method of measuring high concrontratioiis involves dilu- 
tion, 30^ that high concentrations become low. If wc liiivc siiniple.s 
containing about !20 per cent of cadmium in zinc, we iiitroiliicH' 

this cadmium- zinc alloy os an impurity in a new niati'ix of grEi|>hiLx' 
powder, into sonic metal such as zinc or co])per, or intej a .speclru- 
graphically neutral salt such as ainnioniiiin sidfate. The c^oiii'cnlra- 

ft* ■ 


been 


cent by a dilution factor of 100, zinc is now dutcrininccl in the oi-- 
dinary way. The limitation on this method is that in <liliilii!K the; 
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sample we nlao dilute the preeisioii of tlie results. For this reason, 
chcmicai wet methods iirc nsiuilly found more prceisc Lliaii s] 5 ectro- 
gL'Upliie methods on t^oiKteiitriiLions greater Ihitii 5 per t^ciit. 

16.12. Methods for Bxtremely Low Concentrations. Qiiiintitn- 

livc spec trog nip hicr iuuilyscs eaii he eiiiTied <mL at any eoneciitriitioii 
at wliich quill i La tive aiiiilyses eiiu he iiiaile, the ultimute lines ) icing 
used at the lowest crdiic^eiitratious. The tiilile of seiisitiviL 3 r limits 
given in § 15.1 lists the lowest (HiiieeutratiouH that have been obtained 


iti q 11 anti tali ve s})e(rtrogniphie analyses for the vtirliiiis cdenienls. As 
pointed out there, it is often possible, by giving attentioii to ferlaiii 
factors, to exteiul sensitivity limits in a given case by several orders 
of inngnitude below those obtained in ordinary lnllll 3 ^se^s. 

If, for example, one is in terns led in the deter mi nation of boron in 
steel, burning in the ordinary arc of a small chunk of steel will make 
] 30 ssib 1 c a deterriiiiialion of boron in eoiusmlralions down to iierhiips 
I part in 10^. It has been possible l<i make ana Lyses down to c^onceii- 
L rations of a few purls in lO** by (a) more eflicienl feeding of the boron 
from the sam])le into the e.vcitaLion st renin; (b) using the nielliod of 
fraetioiiiil distil la lion discussed in (Min pier 15; (c) iiiLrodnciiig a 

*‘jirrLer us descrilied by Si'ribuer and Alullin*- (§ 15.6); (cl) selecdiiig 
proper excilatiiin <*oiiditioi!S in I he source to bring out the lines of 
boron and make them more seiisilive; (e} fsui verting tlu^ boron in the 
scuirce into a form more likely to be vohitilizecl a I the proper part of 
the burning eycle, jkh revealed by a iuoviiig-]}1ate study (§ 15.0) ; and 
(f) using a spectrograph witli such higli n^suliil ion Ihal the bii<‘k- 
groiind does not eiicroac'li rii])idl,v on the line 15.(1). Most of the 
aieLliods of iiiereasing sensitivity discussed in ( Miapter 15 were, in 
fact, originally dcv'cloped for use in {plan lit alive analysis at verj' low 


eonceiitnitions. 


16.13. High-precision, Rapid, and Short-cut Methods. When 

Inily represent al ive lioiiiogiMieous samples are jjrepiin'il, speclnj- 
gL'iiphie analyses (‘an he carried out with a precision <jf ^1.-5 jier t^enl 
(»r the minor (‘onsl ilia'iil , from iihoul 5 per c‘enl conceiilrali^iii down 
to the lowest eoncenl nil ions deleniiiiiiihh*. However, special iitteii- 
tiun, ]>arti(‘ularly to llu' piHqiaralion of the stiin]>Le, the {’onslancy of 
excitation eoiidilions, and the tu'cairaey of I he plioLc»grapbie pholoin- 
ctry, will result in ini'reased pri'r-isioii. I'rc^biihly the grt'iilesl. uni- 
foriiiity irlaiined by any sta. of worki'i's is lliiil dc^scriliecl by 1 )n{Yeii(lii(‘k 


^11. K, S(‘riliii(‘r iiihI II, It, Miilliii, Juttr, Urn. S»f, ftur, Shtttffttrftit, 37, Itlll) ( ID-Ml). 
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and his collaborators, in which reproducibility to 1,4 per cent was 
found ill a long series of measure incuts made under carefully con- 
trolled conditions. 

When the liLghcst precision Is not required, analyses can lie made 
quickly by using the leiigth-of-line method of photometry, descrihed 
ill § 13.11, thus liVoLdiiig the necessity of using a densitometer. A 
rotating disk with logarithmic opening is used, and Llic Length of a 
line is then a measure of the logarlthtn of its intensity. Ijiiics of a 
pair being compared iisimlly lie close togctlior in tlic .spectrum. 
Since the length of each of the two lines is ]}roportional to the Uigu- 
rithin of its intensity, the differeiiee in tlieir lengths is a tUrccl measure 

of the difrcM'eiicc in the loga- 
rill 1 1 ns of Llieir intensity values. 


Log 


ID 


Jz 

1| -I 
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Fig. 16.7. Determination of inten- 
sity ratio of two lines by the difference 
in their lengths obtained with a 
logarithmic sector. 


Tins ililferenco cquahs the logn- 
ritliiri of tlie intensity ratio of Lite 
0.50 LoQiqI two lines, which is ]i]otte<l us one 

of the variables in the working 
curve. Tims in plotting the curve 

it is possible to ii.se directly tlie 
difVcrcncc in position of the cud 
pi>iiils of the two 1ine.s, iis nu'ii- 


0.25 

0.00 


snrecl in Kig. 10.7. U’his mcllidil 
should !K>t he ii.sccl where? preci- 
sion greater tliaii dz 10 per cent is desired. 'V\h' liinitalion.s on prcciisioii 
arise from tlie difficulty of delerinining the end fioint of a line. Mclh- 
uds of etching and copying have heen suggested for sharpening this 
end point, hut all share the hiisic fliffifMilly llial llic end point is al- 
ways ctetcrinined on a portion of the (?alil»ratioii c?urvc of the plale Hull 
has very .small slope, and tlKM'efore its IcK^atioii is ac^Liiiilly iiHleliiiitc. 

Pagloli^'* designed an attaehineiit for a reading eoniiiarator lliiiL 
splits the field of view into two sections piirallel to the sfioclruin lines, 
these section.s being movable relative to one another, '^riu? liclil is 
split by putting two gla.ss plates -li nini Ihicdc Ik'Lwcch the objcclivc aiul 
the plate, with an arrangement for tilling llic.se syiiimt'lriciilly in 
<jpiK>sitc direction.s by means of a handle, liy llii.s iticnns I In* I wo 
1iiU‘S can be put side by siilc in such a position llial I heir tlciisLlirs 
TiinLc*li all along tlicir lengths, and llu* motion nc<?t'ssiiry to lu'csnu- 
pli kIi this matching is a ineusiire of their inleiisily ratio. 


O. \troro fVrnrwfr*. 13, 1 1 (11>!)(i). 
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In much iiiiiilyticiil work^ scmiquiuitibativc rcsiilLs 111*0 SLifhcicntly 
precise, and direct eye comparison oF spectrum lines can often be 
made to give useful vivUic.s. The deii.sitieH »F the lines used to produce 
the working curve can be judgeci, anci the inton.sitics oF the cori'cspond- 
ing lines in tlic samples to l)e deter rtiiiied can be quickly assigned to 
locations lie tween two known densities. In thus waVi aPter some 
experience, it is ]>ossib]e to make ti surprisingly ucciirate inttM'polation 
ihnt may well come within riz 25 ])ei‘ cent of the iiniounl of niateriiil 
]ircRcnt. The lines must be photographed im<ler controlled eon- 
flitions, however. 

16 . 14 » Methods for Special Elements. When analy.ses for ele- 
ments not ordinarily considered .siisce]>til>le to specdroeheniical 
analyses must be made spectrographically, special methods must be 
used. The nietho<[s of ])re])aration and cxcilation reqiiirc^d are 
similar to those tlisciisscd in § 1 .'j. 7, but tlie prime neecl is careful 
consideration oF the thcoreticral basis of the rum trolled excitation of 
atoms to emit radiation,^’* The primary problem involved in working 
quantitatively willi siK!li trace (*leinents ns si d Fur or chlorine is the 
production under controllable condilions of specLriiin linc.s at the 
coiieentrntions desired. 

16.15, Photoelectric Methods of Analysis. Increasing ii.se of 

spectrocliemieal inel liods in jndnslry lias f*iiij.sed inijcrli attenlion to 
l>c given to the itevelopint*nl. of more rii])i<] methods than those 
involving pliolrigrajiliy . Sawyer and his colliiliorii lors,^'’ in arhlition 
to lni]}roving the preei.sion of the iinalyt it'id process, luivi* doin' miieh 
to speed il lip by sliorleiiing Ihe linn* of plait* pmeessiiig and in other 
way.s. To liriiig si ill t'loser Uie day of I lie* aiiloinalie inialyl.ical 
recoi'tler, plioloeleel rie ti it* I hods of plioloinetry have been applied to 
prol)1enis of ([iinnl iinlivt* analysis (.set' § ls£. 17). 

The a])plienlion of I he < h'iger-iM (lller ('oniiler to spt*(‘lroelie*micnl 
siniilysis has be<*n invt'sl ign I (*f ) by DiifVt'iifliiek nnd IMorrus,^” by 
Flaniin ami Wolfe, and by Nahslol) nnd Hryiiji.^'* At any workers have 


\V- I'. iipf. Sur, .If/f., 31, Jf) IMItlJ; Ci. U. Eliirrisriii, Mfinia 4itHt 

AUoynt Nov. IlUifl. 

‘*11, Jl. Mini M. .A. Sjiivyer. A/f/fi/ / Vhj/ rf 36, It'S Juttr. .Sur. 

Ain., 32f (ISd It. SiiwytT iiii<l II. It. ViiKi'iit. Jour. O/tl. Siir. .ini., 31, -TT 

(111-11} ; [I- (1. ( ri'iisHtiiuii, U, .^. Snwyf'r, iiiul II. II. Ain-ci'iil, ibitt,, 33, IKii 

“ t). S. i )iiirni4lti(’k nnd SV. I’’. Morris, Jour. Opf, Stir. . Ihi.. 32, H ( Mll'i), 

*•'11. iluniLiJ 1111(1 U. .\. Wulfc. .four. Opt. Sor. .iin., 37, (11)1-7.]; ilfiJ., 38, ;J77 

*■“(1. A. Ntiltnltpll nnd I*'. It. Ui'.viiii, iliitf.. 37, IMH) (11117), 
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investigated the use of ])hotocells and amplifiers, and photomulti-' 
pliers, in the direct mensiii'ement of the intensities of strong spectrum 
lines. Dieke and Crosswhite have described the adaptatioii of a Inrgc 
grating spectrograph in a Wadsworth mounting to photoelectric 
measurement of emission spectra, ns discussed in § 12, IT. 
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Pig, L<3.8« Oscilloscope patterns obtained by I>iekc and Crosswlilto In the 
analysis of steel samples for copper, manganese, and chromium, A Avvak inui 

line serves as el rcfcreii-ce. (ii) PiiLlerii for iron. (10 f 'liPoine-iiiHi- 

(V. 

Cm, ti.14%; Mn, 1.4*^; Cr, 18%. (<1) SLuiiiless sU’ol: ('u, Mn. -l.I >o; 

Cr. iM%. 


lybilciiiini Steel: C’n. U.06%; Mn, ().««%; (^r, O.fH (tO sicel: 


Dieke and Crosswhite have also dt’scn'ilietl ji photoelocrtric ini'lliiid 
of speclroclieiiiical iiualysis in whic^li ji.ii osi'illost'ope is iisimI as I lie 
iiKlicuting device, with a 031 .V or 1 P 2 S lUW plinlomiill IpbcT lube 
])hioe<l lit onch spectrum line to he nieivsured. Sensitivity was round 
iiiiiple for reasonably strong lines. In tnuily/.iug a .sit'el sample b>r 
(“(>j>l«'r, inaiiganese, and dirmniiuu, for example, sui table strong lines 

II. Dickr iitid 11. M. Oonswiiilte, ./»Hr. Opl. Sor. A hi.. 36, 11»‘i 
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of each element were selected, together with nil iron line to serve ns 
control line. A rotating switch wns usctl to connect the output of 
each tube auccesaivoly to tlie oscillosco]>c For 0.4 ace. The time seiile 
of the oscilloscope was synchro nized with a rotating switch so that 
the repeated traces of each line always Fell on the screen in the same 
nosition. A small conden.ser wa.s inserted in the circuit to iiicrcnse 
the time constant, thus eliminating the inriuciice of short-period 
fluctuations. Any changes in light intensity caused the whole pattern 
to fluctuate iijj and clown on the screen, so the truces were evaluated 
ill terms of the deflections for the iron line. The patterns obtained 
with four tlifferent steel sainide.s by Dieke and 
Cross white arc shown in Eig. 10.8, 

In a second method introduced by Dieke 
and Crosawhite^*’ they caused the iron lino to 
produce a ho izontal ilcf lection and the other 
lilies vertical <lefleeti(>iis on the oscilhiscopc. 

Traces were then obtained a.s shown in Fig. 

IG.O. In these the slope oF each line gives a 
measure of the t!oiic;eiilration of the eor- 
resjMiiidiiig inateriiil. A .suitable transparent 
scale can he allacrlied to the screen to make 
direct quantitative <le term [na tions possilile, 

A ] iho tooled ric! spcc’l.romeLer willi auxiliary 
oc|iuiHneiit to inlegrate the iihotocaiiTiuils pro- 
diiccfl by speertrum lines, designated the 
Qiittiitoiiieter, has been <les<?ril)ed by Ilaslerand DieLert.®” Ounnier- 
(lial instruineiits oF Mi is sort are fiirnislu'd by I lie Ajiplied Research 
Diboratories, In this iiist niineiit, which is liasiciiLly a stnall grating 
S|K'c*li'ograp]i, lip to I el(‘f‘l ron-miill ifilita' LiiiK^s arc! employed to 
deled tlie approjirinle speelriim liiit^s For the various clenienls to he 
determined. While (lie .sani[jh' is biiriu'd in Mie source the pliol.o- 
currenls genera le<l in the various lunUiplicrs are iimpliried and then 
ill effect ii.si'fl to drivi' small motors allaefied to meclijiiiical csnuiters. 
The source is in f>p(‘nilio]i until tlie (‘ou tiler opci'ai.ed by the 

phobicMirrent from Mic "slamlard" or control line riNiclics a preset 
naiding. 'riie n'adings of the counters atlaclu'^d to tin* otluu* liilx^s 
then correspoiul to the pcrcinil ages of the various c^h^mc^iils being 

ineasiired. ^’arlo1ls parts of I he Quaiilonn^tca' are sliowii in Fig, KS.TtK 


^ M. K. Iliislcr iiiiil 11 . W, Dii-li'if. Jnnr, (tfti, StH'. Am., 34 , 7 .'i I fMM-l'). 



FIk. lo.g. Oscillo- 
scope pattern obtained 
with standard element 
on liorJzontal axis and 
unknown elements <Cii, 
Ma) on vertical axis. 
Am AC .Honrt,**; is used. 

'I'liK sii iii]>]e iH ihe Kiinic 
a.s Lliiit iLSKcl ill prmliK!- 

iii>{ i*'lK. HI.Ht). 
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Another direct treacling apccbrochemiciil iiistiiUntlon, ivliich is 
mnnufactured commcrciiilly by Thilr<l Asaociiitcs, has been dcscrLbctl 
by Saunderson, CalcLecourt, and Peterson. A 2-mctor concave 
grating m an Kagle mounting is used, and electron iTmltiplicr plioio- 
tubes arc mounted behind ax)propriatc exit slits in the focal plane lo 
measure the intensity of a spectral line from each element being 
determined. The currents from the imiltii>lier phototubes arc col- 



Fif. Lti.lO. The Applied Kesearch Laboratories’ Qimntomctex. 


lectori ill condensers, which are llien discharged through TL^‘^ist<^^s 
whenever Lliey reach a certain voltage, '^riie inimber of disehin'f*f.s 
occurring during a controlled period of op<'riilioii is made lo o])emle 
ji “clock'* for each element, which is caliliratcd (Hrecily in pc*i'cc«lag<‘ 
conccti I ral ictn. 

AlMioiigli such devices give analylicid results very quickly and are 
siillh-icnl ly jjrccise for most piirjioscs, Lhcir (complexity iiiul cosl niuki* 




J . Jj. S]MJii<l('r.s(iii, V, J. C’iil<loo(nirt, luiil K, W. IVlorsim, Jttur. O/rf. tSVw. .-Iwj., 3S,. 
as I ( n. O ]| C’jir]3eiiLer, 13, UnBois, iiikI ,J. Slt-rin'r, jViiV,, 37, 707 (1017). 
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Spectroscopy oE the InErared Region 


Tub iNFiiAiiKD nBaioN of thk BPEC'niuM may be tiikeii to ineludc 
the \Yavelengtli range from 0.75 p, to itboub 1 nun ami may l>e anh- 
divkiod, on the basis of the instrumental tecliniques iippropriiitc la 
each subdivision, into the photoelectric infrared, the near infriireil, 
and the far infrared. 

The photoelectric infrared covers the approximate i*jmgc 0.75 to 
3 fji. The lower boundary is set by the wavelcngth-sen.sitivity ciirv«» 
of the human eye. Except for use of the eye, radiation of the IIlcju* 
long wavelengths can be detected and iTica>iure<l in the same way ns 
visible radiation, and the use of spectrographs suitable For the visibU^ 
region, both prism and grating, can be extended well into the phcihk- 
electric infrared. Photogra])hic emulsions ami photoelectric cells 
can be made with a visablc sensitivity over much of the i‘egioiK \l 
the longer wavelengths, however, photoeUxdric processes — inchidiug 
that of the photographic emulsion — begin to lose their sensiliviiy. 
Not far beyond 3 ja, the detection of radiation is best jiceoinpUslird 
through its heating effect, and s[)ectroinetri(! te<dnrK)iics are nuxliflcft 
iiccordingly^ 


The near infrared might l>e called the “prism iiifpin"i^<l,** Iwcaii-st* 
prism materials trail siJarent to the region tire readily obtainable. 
Most neiir infrared spectrometers have f>risni optics, blioiigh gniliiigs 
41 re also used occaaionally. The long wavelength limit to tin? iieair 
in fnired is set by the trims mission of readily obtaiiuildo prism iiiiiti*- 
rial.s mid lies at about 25 g, where the absorption of potiLSsiuni brniiiiclc 
gels prohibitively large. To be sure, materials arts known I hat are 
I raii.sf> 4 ii‘enL bcyoinl 25 /x, but for reasons di.scaissed later, llic relh'clicjti 
grating is ii.sijally preferred at these wii vcleiiglhs. 

lie tar infrared extends from 2.5 g to the ill-delincd bonlcrlaiid 
l»cl\v(‘[-ii 1 1«* infrared and microwaves (radar waves) in the neighlHir- 
lioial cif 1 tnin. 'J'liroiighout the fur infrnreil the most gcneiNilly used 
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dLspcrsiiig element is tlie echclelte gtaiing, tlint is, ti griitiiig wliosc lines 
hnvc been so ruled that radiation of a given wavelength is largely 
concentrated in one order (sec § 2..^). Other tecliiiiquea such uji 
residual rays may be applied in special eases. Far infrared radiation, 
ill default of more sensitive methods, must be detected by its heating 
effect. Because the energy of infrared sources is greatly rcdm^etl in 
the far infrared and the ]>ro ble 111 of extraneous riHlialion i.s iiui<-b more 
acute, the prceaii lions recpiired to obtain a<?eura.tc radiation measure- 
ments are 11101*0 elaborate than those used at shorter wavelengths. 

It is an interesting eoiiirddeiu^e that this subdivision of the Infrared 
agrees iii n general way with the division of moleeular energy levels 
into elcetroiiic!, vibrational, and rotational levels, as diseussed in 
Chapter 11. The lower ele<'tronic levels and a few higher vihrati<3iial 
overtones lie in the jiliotoelct* trier iiirraretl, most vibrational fun da- 
me ntals lie ill the near iiifraivd, aiul tlie free | net tcies of iiiolecmlar 


rotation lie in the far iiifrare<l. 'The fac't tlial there is no iiatural 
hoiindary for atoniie or infdeeiilar energy levels hi the O.T.'i n region 
eniplmsize.s the artilitdality of .segregating the phoLoeleclrit? itifrarecl 
from the visihle portion of the s])eflrMm. T'lie eiisiihig discussion of 
the teehniciiies of infraiHHl spectroscropy will he eoiK’enied only witli 
the near and far infrared, the tec ?1 mi (pies of the pliotoelecrtric infrared 
heing more <?!osely similar to those considered in pres'ioiis chapters. 

17.1. Radiation Sources and Filters for Infrared Spectroscopy. 

All but a small fraction of infrared spc^cLroscopie studies are coneertietl 
with absorption .spectra, for wliich a soiinre of <‘( 111 1 iiuioiis iiifnireil 
Tadialioti Ls needed. 1 iicaiidesccnt solid hfj<lies at Icinperai.iirc.s of 


1000 to 1600®(' meet this recpiircmciil b<‘sL. Such hodi(\s emit radia- 
tion roughly in ac;cor<hince with the Plauc'k bliu'kbody equation (.sec 
Chapter 8) and therc^fore emit radiation Lh rough out the infrared. 
The fact that the iiilensit.y of the nnlialion varies somewlial ra])i<lly 
with wavelength is an inconvenience', <‘S]>eciiilly at the longei' wave- 
lengths. When ([iiiisi-monocliromalic rac lint ion is wauled, the easiest 
pn)ce<liii‘e usually is to seh^cL the dcsiml waveleiigl.hs fro in tlie 
coiitinmiiii of a.n iiit?aiiilesceiil soiin'e. 11 long Hit' iiliiliy tic vices 

that Inive been iisc<l for this purpose are .sele<'live tillers, selective 
reflectors and foi'al isolation. 

A wide varicLv <ir siihstances liavt* Ijccii used lor infrjin'il filterM. 

I" 

Powiler fil lei’s, as descrilxMl hv PI’uikI,' :ind ( 'lirist ijiiiseii fi Iters - 


* A- 11. /*////.'•', iit'i',, 36| 71 (lll.lfl): ,hntr. Stu'. .-Imi.. 23, ilT;"* ( MKt!!). 

^ H. El. Biiriic's niifi l«. (■. Iliiiiiit'r, 40, TS'i 4ll)S(i).. 
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(§ 14.30) ftre particularly AexibLc with respect to tlie wavclcngtli 
ranges to which they are applicable. Soot-bhickeneel pai>er ia some- 
times. used for its transmissivity at long waves and opacity in the 
near infrared region. In general, filters are more valuable for the 
elimination of iiiiclesired radiation, especially short-wave radiation, 
than For the isolation of a narrow range of wavelengths. 

It has been known for many years® that crystals possess reflecting 
powers approaching those of metals at characteristic wavelciigtlis in 
the infrared region. For any given crystal the high reflectivity is 
confined to one or two narrow characteristic bands in the spcctriiin- 
Itadiation corresponding to these bands can be isolated from a con- 
tinuous source by the successive reflection of tlie continuous mdialiou 
From plane surfaces of the crystal.’’ llecaiise the rcllectivity of a 
crystal at other than the characteristic wavelengths is very siiinlK 
three or four successive reflections leave a I'csitliic of only the cliarac- 


terlstic wa\?elengtlis, whence the name re»Ulit<d riiya. 

A selective reflector of a <lilfei*cnt ty]ic has been suggested by 
\Vhite.* The reflector makes use of the fac’t that a plane gratuig gives 
specular reflection of wavelengths longer by a factor of mughly 
than the grating spacing, and disperses sliortei' wavelengths at angles 
considerably different from the sfiecular. Sucdi a grating citn I has 
be used as a selective “cutoff” i*eflefrtor, the t-iitoff wavclengLli hesikg 
ahovit 1..^ times the grating spacte. Ei-helctte gratings are usually 
employed for this purpose because they |>ul very little short-wave 
radiation into the specularly- reflecLed t:ciilral linage*. '^.I'liis type of 
filter, for which replica gratings are ([iiite suitable, bas btHMi suc-cess.- 
fiilly apiillcd to the reduction of scat.tcrci! racliatiou in iiifrarrcl 
.spec tro meters. Hcducbion by as much as a factor of It) has Ik-cii 


realiKcd with one filter, and with several iii series the 


possibilities tire 


even more favorable (compare Figs. 5 iiiul 10 given by WhitA=^^). 

.Another ingenious method for .seleeliug a narrow range i>f wnvi'- 


leiigLhs ill the far infrared makes use of the traiisparcMu-y <ir «|iuirLK 


beyoiui 50 jx. The refractive indices of tpiarlK below H y. and itlKivi* 
g are so markedly different (For example, 1.5 at 3 g, 1.4 at 5 g, ami 


varying from *2.155 at 33 g to 1.04 at 3()U g) that llic c-onjiigalc ftM-i 
of a cpiartic lens have greatly differing values for the near ami the fur 


'' I''. 1'. Nic-hnts, 60, -tOI (1H1J7). 

■* .Si-f, Jfur (rciicrul HufcrcncH* 17.5, piif(c‘ ilHil. 

" .J. 1'. IVhili*, Jttitt. Hoc. .-Im., 37, TJS (lO-tT): ih'jjIu'ii grilling filters limy l>i* 

giurt-f from (lie IVrkiti- Klincr (*i>r|>., ( ilrnliniok, t'ttiiii. 
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infrared. l)y placiuf^ a small soiii'cc rich in far infrared radiation at 
one conjugate Focus for a lens of assuiiied indc?c and an opaque 
screen at the other conjugate foc;us» Iliihens and Wood “ wei‘e able to 
bring the long waves to a focus at tlie screen, while the shoi't waves 
were not convergent. Perforation of the screen at tlie Focal point 
allowed the ]>assa-ge of the focused radiation, after whhrh its appraxi- 
mate wavelength was measured intcrfernmetri<?ally to he iilmut 107 //• 
This procedure of "fotral isolation'* would ai>pear U) he iisefiil f«)r study 
of the borderlaiul he tween infrared and microwaves, particularly 
with lenses of other materials in ad<litiou to quarts^. 

The two most <?oimnonly uhcmI inf rare* I sources arc the Nernst 
glower aiiii tlie Gh>hur, but ocrcasionally other sour<s?s have some 
special appliciability. 'Tlie Wolshacli lamp and a quart'/- jacketed 
high -press lire mercury art; have been use«l in the region lieyond 50 fi. 
In the photoe1cc:lri(r infrared it is occrasioiially itf iid vantage to utilize 
a tungsten {ihtinenl laiiifj as a .source, thcnigh ue^ressarily within the 
region <5vcr which the eiivelojjc is transparenl. 

The Nernst glower (§ 8.H) was originally developed by its inventor 
as ail incandescent light. It is an excellent infrtire*! scnirc^e he(‘auHc 


of it.s high emissivity anti its si in pi icily of construction and of t)pera- 
tioii. The glower tionsisls of a fllaiiienl jircparcd ^ hy sintering a 
finely powderetl inixlure of various oxides, parLieularly those of 
zirconium, thorium, anti cerium, held Logellicr wilii a l>iiuler. The 


fdatueiit is main tail hmI at iiiciindescencc dec 'Irit 'ally, for whicli purpose 
platininn leads are iillached to it with appropriate sealing leclinitjiies. 
When tlic filatiienl is tipcrulctl jit a Itnuperalnrc above its 

eiiilssion tuirve resenihles Lluit of a blacklxaly fnirly closely. At lower 
lciii]>eraturt!s, the short -wave tuid of the eiiiissitin curve is t|iiiLe 
irregular because of I he st'lta'live eniissioti of llie inelallit' oxitics. 

The lilanitMil of I lit* Nernst glower lias a large twifttfirv leinpcralure 
cocflicient of elt'clrieiil resist uiic-e and is eiisloiiiiirily lieuUsl by flame 
or other external iihniiis lo Iowim' ils resist mice at the start of operation. 


At ji Leinperaliire of several liiiiulrts! degrees etuitigrade, this resisla litre 
is low enough U> pass siidiclciil current at llie ofieratiiig voltage to 
liriiig llic lamp to iiicamlesct'iice. It is I lien ni'cessary lo halliisl the 
liiinp hy a voltage* regulate a* or series rtvsislance to keep it fro in burning 


Cicttcrnt Hi’fi'fi'iicM* 17. a, -Vi!!. 

" ]I. 1>. (irillilli. I 'hit. Mmj. (Clj SO, (11^:7); It. A. iiiul A. fi. Si 1 1 1 rk i',v , Jr., 

ffrr. SW. 18, ir2S ( l!)l7l. 
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out. Typical operating data for a Ncrnst lil ament used os an infrared 
source are shown in Table 17.1. 


TABLE 17.1 

Data on Nbunst Glowsr anr GL.(>nAn Infraiisd SoirncBB 


Spoc i R ca tions 

1 

Ncriisl lam]> 

Globar 

Length of element, centimeters 

Si-fi 

5-10 

DinmeLer of cleincnt, millimeters 

l..fl 

0 

Opernting potential drop, volts 

About ICO 

50-00 

. Current, nmpcrca 

O.a-0.5 

3-5 

Power, walls 

•20-50 ' 

150-850 

Approximate temperature, **0 

1000-1700 

ISOO 

WnveEengtli oF radiation peak, micronit 

■ 

1.4 

1 

1.8 


The Globar (| 8.8) is a rod of carboruiKluni (silicon carbide). Xts 
temperature coefficient of electrical resistance is negative but ratlicr 
small. It conducts sufficiently in the rod sizes customarily u.scd as 
infrared sources to require no external iirclicatiiig, Hallnstiiig ia not 
necessary with a Globar to prevent its hiiriiiiig ()nt» hut some sort of 
voltage regulation is desirable to maintain coiislaiury of rudiaLioti. 
The Globar surface is very rough* whi(;h acc;oiiiiLs in jiart for the 
excellence of its radiance. The attach incut of electrical leads to the 
Globar is not a critical problem because of its ruggedness. Usually 
the ends of the rod are metallized and fitted into nictallic soc:kcts 
which serve as electrodes. Operating data arc shown in Table 17,1- 
The choice between the Neriist glower am! Cilobar as an infrared 
source depends on. the spectral region in which radiation is wanted-* 
The advantage.s of the Neriist glower are its low operating wattage 
and high intensity in the short- wave region. The Gloiiai' is more 
useful at longer wavelengths (>10g)* wheit^ it Inis considerably more 
energy vein live to its short wavelength peak tliiiii the Nenist glower. 
Tlie hitter is physically smaller, and an enlarged image of it may he 
needed to fill completely the slits of a .specrtroiiieter, es])Cffuilly wlicn 
these are opened wide at the longer waveleiigl lis. 'Phe largo amount 

of heat dissipated by the Globar u.sually necc.s.si tales a water-cooling 
nr ran genieiit. 


* I'lit (j](>])ur is mndc by the Carboriiiidiim ('t>rporiil ion, Kiills. N. Y. 

The Ntnirtt alon'ci' oiiii be obtuined from llic SlnpnkidT < Vniinic iitnl Mfiniiriicliiriiig 

< Lulrobc, E*a., or from Ntitiouid Teohiiicuil Iiiilioniloru^H, SoiiLh Piiiia-ildiii, 

C’lilif. 
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17.2. Prism Spectrometers for the Infrared. The optics of both 
prism and gmtiiig infrared spec; tro meters are rundaincntally the same 
ns those of ajiCcitrometers described in Chap lei's 3 and 4. However, 
all infrared spec; tro me tors are monochromiitoTs iiiicl all use; iniiTor 
optics. The inoiiocrhroiimbor ar ran Yemeni is dic! tubed by the nature 
of infrared detectors, and mirror optic,s by the opacity of glass in tlic 
infrared and the wide spectral range to be ccivercd, wliitrh makes it 
infeasible to construct suitable lenses of any material whatever. 

Priam instriimoiits arc the most widely used. They are quite 
satisfactory in the near infrared, are relatively sitriplo to operate, and 
when well designed give adeejuate resolving power for most purposes. 
Grating iiisbruincnts must be used in the far infrared because of the 
lack of suitable prism materials, 'rhey have the advantage of high 
jrcsoLving power and are used in the near infrared when high resolutioii 
13 essential. Some of the complications iivlierenL in grating insbrii- 
nicnts are considered below. 

Table IT.ii .shows tlie wavelength ranges over which viiriotLS prism 
materials ai'c reasonably transparent. Rock .salt is llie most widely 
used of these. It is transpaivnl to jibonl l.'j jx, but below 5 ix its 


'PAULK 17.4i 

iNt'llAllKU I'UIHM AN1> WlMlClW iM ATKItIA lit 


MiiLoriiil 

1 

lleffioii of iiKiit>1v 

U'JiiispiireiK'y 

(prisiiir*) 

AYiivrli'iiKlh of 

rrsiiliiiil nick's, 
iiiii* runs 

Cf hiss 

l'[) (■!» 

r 

Quartz 


»; "Zl 

LLlliiiim lluoriclf' 



C'nteiliui fluoridf' (lliiorilo) 



ScKliiitn L’hloruh’ (riM'k hiiIl) 


Jiit 

|*c»tiisKiii]Ti c’hl<>rii|<t (sylviiii^) 


m 

PotAHsiiitn bromic lti 

^7tM 

8!^ 

Silver c-?lilori(J«* 


1 1 ■ 

TIuilliiiin ]>ri>moio(li(lo (KHS-o) 




* WintJowH only. 


dispersion is poor, and oilier prism miilerials must he nse<l if Mie liest 
|)crrorTTimicc* of a prism iMslriiineiit is lo be obliiined at I he sliorl 
wiivclciiglhs. Khnirile anil lilliiiiiii fluoride are exeel[(‘iil here. l<\)r 
the range from 1,5 to %i> g, liotassinin bromide is suitable, and from 
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25 to 40 fi, tlialliiim bromo iodide.® All these mabcritils itre coniincr- 
cially available in blanks for wimlow or prism fabrication.* 

The traversal of the infrared spectrum by a prism nionocliroinntor 
is accomplished by the rotation of the dispersing element in. such a 
way that the disixiraed wavelengths are hrouglit successively to a 
focus at the exit slit. The two most widely used optical aiTiuigomciils 
For this purpose are the Wadsworth autl the Littrow mountings (see 
Chapter 3), In the Wadsworth inouiiting» the }>risn:i and the plane 
mirror, the latter usually lying In such a position iis to cons tit Lite nn 
extension of the prism base, are rotated together about a vertical axis 
through the center of the prism base. Under these conclition.s the 
angular deviation of a monochromatic beam traversing the prism nt 
minimum deviation is exactly nullified by re flection From the mirrori 
although lateral displacement and inversion of the beam result. The 
lateral displacement, which is equal to the length of the prism edge 
for a 60-deg x^rism, is practically independent of the wavelength. 
Accordingly, when optical arrangcmeiiLs liave been made for radiation 
of one wavelength to traverse the prism at miniinutii d.cvuttiou luul 
come to a focus at the exit slit, the whole spectral range of the prism 
may be scanned at nniiiimuin deviation merely by rotation of tlie 
prism-miri‘or combiiintion about the above-mentioned axis. 

In the Littrow mounting, the jilanc mirror i.s placed roughly nor mu I 
to the clisiiersed beain emerging from the prism. For one particulur 
wavelength, which varies of course with the orientation of the mirror. 


the emergent beam is reflected exactly iipc>n itself ami retraces its piith 
through the x>t*ism. The return xiaths of slightly longer nml shorLer 
waves, however, differ from their initial paths, and conscc|neiilly 
further dispersion occurs. The s])octrum may be Hciiniied simply by 
rotation of the Littrow mirror about a vcrtic?al axis. If the prism 
remiiiiis fixed with respect to the incoming hea-in, however, only one- 
M'avclcngth passes through the prism at miniiriiim de^viiition. 

The two chief advantages of the Littrow moniiting arc the doubled 
dispersion obtained from a given prism train, and the coin[ 5 ac;tni*ss 
and economy that result from the use- of tlu* .same coiicitve mirror us 


a collimator and as a focusing mirror, 
several optical systems frequently ii.seil 


'^Po illiisl rule the latUn- priint. 

ill ill frit red specdroineters are 


■O. K. Tuttle Iiiicl P. H. Egle, Jo»r. 14, .171 (JSim); E- K. Plyler. 

,/oitr. (’/it’ut. Phjfn., IS, RUh (1047). 

* I’lirc'liastible Trom the lltirHlmw ChcmieiLl t'tJiiijuuiy. ( 'leveliiiirl, 01iii>, 4»r tlie 

Optiivac <'<iinpiiny, Hi Rickford Sbrcia, Hostim Ull, Muss. 
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shown in 17,1. Figure 17.1ii shows an iirrangciinent using thu 

Wftdswortli inoiiiitiiig. iSi, arc the entnuiee am! exit slits; C7, the 
collimating mirror ; the focusing mirror; and May and A, re- 
spectively, the priaiii, ]>laiie iiiirror, and axis of rotation (perpendicular 
to the plane of the sketch) of the Wjwls worth systetn. C and F can 
be either spherical or olT-axi.s ptiraholie mirrors. Piiraholic mh’rors 
avoid astigiiiiiti.sm and spherical ahemition but arc more ilifliciilt to 
make than the spherical. It i.s to be noted that two arc required - 
Figure 17.1b cle]jict.s a widely ii.scd form of the Lit trow mounting 
in which the double-duty mirror OP is an off-axis paraboloicl. The 
heani returning from tbe Li throw mirror J//, is indicated by dotted 
lincSj which .show that the return beam is made to deviate .slightly 
from the initial path. With the help of a stnull plane mirror, il/a, 
the return beam is deflected jii.sL before it reaches the entrance slit. 


JSi, and in.stead is brought to a Focus at the exit slit, The spec tram 
is scanned by rotation of J//, about a vertical axis at /[. 

When ail on-axis pai'abo1oi<l is used in the Lit trow arrangement, 
the rather large angle between the collimated beam and the licarn 
from the slit Si results in coii.siderable astigmatism. An iiigenioii.s 
variant (Fig. 17, Ic) of the Littrow selieme was suggested by Pfiind “ 
to avoid astiginiitism from an oii-axi.s imraholoid. 'I'lie essential 
fen 1111*0 is the Pfiuid inirror, Af i>^ a plane mirror with a siiiaM central 
hole. Thi.s mirror is placred iiiiiuedialely behind the entriiiiee ami 
exit slits, i?i and tSa, which are loc'ateil resjjecdively just above ami 
just ImsIow the o])tic axis, 0.1, of the oii-axis jiaraboloid iiiirr^n' (J. 
OA passes through Mie ircuiter of the* sitiiill lu)le in the Iiole being 
large enough so that the ei dering beiini diverging from tS| anti tlic 
I'cliirii beam focuse<l on S* liavt^ free passage, 'riu* two beams are 
not shown .separately, since Llieir projecd.ioiis upon the plane! of tlie 
drawing eoiucadc*. 'riie light losses assocdaled with two refk'ctions 
from AI fp and wilh the holi' in ;!//• can be made small and are a. low 
iirke to pay for the high nf>li('a] <fiiiilily gaiticd hy the oii-axis use <3f (*. 


Tlic Pfund luirror ini naliices achlil ioiinl stray radiatioiu the efb^'l of 
wliieh may he iniiiimiKi'd by Iiha-king oul Ihc* iiiiiised ts'iilral portion 
of C so that radial ion fivtin I his jjortif)ii dot's not reach I he exit slit iS.j. 

Tlie coiujiUde' optical schctiu' fiir a prism spec‘1 roineter iiieliidcs 
some means for focusing llu' radiation to Jk' slndh'il on (he eiil ranee 
slit. A 4'oticiive sphcric'al mirror usually is siillieienl. for this purpose. 


* A. 11. I*fi]iiit Jour. (tfit. .S'rir, Am., 14, !iH7 fllJi?). 



480 


spEcrnoscopy of the infuaued hegion 





Fig, 37,1< Typical optical systems for Infrared prism spectTomotora< (a) 

a<lj(H'nrth mounling. (b) Ltttrow nfioiinlinj^ with olf-axis purubultud, (c) 
J«itin>w mounling with Pfund picrcutl-i)urr<fr amingfiDioiiL. 
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For absorption spectra, the inciindesccut source is focused on the slit 
with a mirror whoso Focal length allows adcqiuitc separation oF source 
from 311 iiT or and ample room For absorption colls, shutters, anti the like 
tliat must be placed in the beam. The beain emerging from the exit 
slit of the spectrometer is commonly Focused on the thermal detector 
l>y means of an elliptical mirror. This ty^ie of mirror concentrates a 
reduced image of the exit slit on the detector with great efficiency 
but is quite expensive to make; in many iiistriunents a spherical 
mirror of iippro]>riate aperture would serve about as well. 

A pri.sni in. high, having n 8-iii. base, is a size commonly used in 
infrare<l spectrometers. Willi a (lO-deg rock-salt prism, of this size 
used in the optical arraugetneut shown in Fig. 17.1b, a resolving 
power of about SOO .should be realized at li /i and about 40f) at 14 
These values correspond to wave-number scparntioiis of 10 cm"*- and 
2 cm~^, respectively. The i‘e.solviug power of a .spectrometer at -slioi't 
wnvelongth.s is governed by the excellence of the optics (optical 
quality of the off-axis paraboloid, alignment, and similar factors), 
whereas nt the longer wavelengths the o])tical arningcmont is not so 
critical. There the limiting Factor is the small amoutib of energy 
available from the .source, which Forces the u.se of wide slits and a 
consequent I'cdiicLioti in resolving power. 

The wavelength calibration of a pri.sin instrument coii.sisbs oF a plot, 
on an axlcquately large (liof^e of gi'iipli paper, of the pri.sm-tablc or 
UL brow-mirror orientation as a Fimcttioii of the wavelength brought to 
fnciis on the exit slit, '^riie orientation may be expressed in any con- 
venient fashioJi, which means tlia.t the ordinate is usually in terms of 
screw turns, counter readings, ficiiieiaUinark iiuiiibers, or some other 
index of prism-table setting. T'lie calibration <!urve is ordiniirily 
4lclerinincd with the hel]) cif the preei.se wavelengths For sharp 
vapor-absorption banrls in (rertaiii .simiile iiiolecii1e.s such lus ammoniii 
(3 and 8- to- 1 2 g regions), water ((* g), car hoi i dioxide (4,5 and 1,'3 /x), 
and methanol (20 g region). The wavelengths of the absorption 
bunds in these siibstaiKa^s wen* originally inejtHiired ’’’ with grating 
spectrometers (descrilied in §17.3). 

Until quite rcfieiilly the .slotting u]> of a prism .spectrometer for 
infrared involved both a long appr(aili<'e.ship on the part of the 

“See, for cxiiiiipU', O. H. MtrKiiinry jiiuI K, A. l'Vi«clcrl, Jour. Opl, Soc. Am., 38, 

'iii (lots;, 

^^11. A. OcLjcii, Chtiii-ljiui Kuo, 1111(1 11. \I. Hjiiidiill. /ffr. Sri. Innt., 13, .'ll/] 

“A. Dordoii iiiifl K. F. ItJirki^r, Jour. f'Virm. 6, 333 {lUilH). 
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operator, preferably in. a laboratory where infrared research was in 
progress, and the construction of an instrument on n made- to- order 
basis in an instrument shop. Xhere are now on the market, liowcvcr, 
several prism Instruments that can be set up and put into opera tiou 
by those who have had no previous infrared experience, Eigurcs 17,3 
and IT, 3 show infrared prism spec tro me Lera marketed i*eapectivcly by 
the Perkin-Elmer Corporation, Gleubrook, Conn., and the Watloiuil 
Technical Laboratories, South Pasadena, Calif. l$oth of these in-* 
struments use the Littrow arrangement shown in Pig. 17* lb, high- 
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Fig, 17.2. Perkln-ELmer Model 12C Infrared spectrometer. 

(Courtesy Perkin- 101 iiier (.\)i'p.) 


speed thermal detectors, and a coinitiercltil i)en recorder. The 
resohition atltaincd by both instruineiiLs is good for prism instrtiTnenti4 
of tills size and is satisfactory For most imhisLi'iiil control list's iitid f^>i* 
tiiaiiy research purposes. 

17.3. Grating Spectrometers. TnFpai’t’d \ravelciigtlis of siirli 

size Lliat the 0])tiinum gmting spacing is of the onler oF 0,01 min in 
[lie iicni' iiirrarcd and O.I mm or more in the fiu* inrrared, It IS 
lli<*rcJ*orc ])r>ssil)lc to make transmission gratings For the hilLcr region 
by w inding wire of the appropriate diameter upon a flat frame. Stndi 
gJM lings, which were once extensively used, have been superseded by 
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ruled gratings of the echelette type (sec §3.5). ISchclcttc gratings, 
because of their ability bo conccntriibe most of the available radiiLtion 





Fig,. 17.3. National Tochnicnl Laborntorlos Model rR-2 infrared spectrometer. 

This InslriinK'iiL is (iflcMi oiillrd t.lie [iorkiuiinii irifi'iircd speciLroniuLci'. (CoiirLesy 
Xnli<iiiul 'rcdiiiioul I jjiliiirnl.oi'ifss.) 

into one order, Inive opened up spc‘crlral regions that eoiild have 
scarcely been studied otherwise. 
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It was said earlier that gratings are used in the near infrared wlicn 
high resolution is indispensable, and throughout the far infrai'ccl 
because of the lack of prism materials. The optical arrangcincnl of 
the grating spectrometer proper docs not differ greatly from tlie 
Littrow mounting for prism instruments shown in Fig. 17.1b and c, in 
which the prism and Littrow mirror combination is replaced by it plane 
grating. Grating instruments of these two ty])GS have been de- 
scribed respectively by Randall and J. D, Hardy. In the formert 
with which much work on rotational nhsorptioii of small polyatomic 
molecules luis been, carried out, the off-axis paraboloid is large (n 
semicircle of in, diameter and of 3G in. Focal length) and fills n 
grating 10 X in. This large size makes the instrument highly 
effective in the region beyond 50 where tlie radiation from the 
source is extremely weak. 

A difficulty in the use of gratings in the infrared is the overlapping 
of different sp>ectrnl orders, which is especially troublesome because 
of the high source intensity of radiation at X/S, X/3, and so on, com- 
pared to that at X. The radiation must therefore be purified in sontc 
way before it enters the spectrometer. 'Ihis puri^it^ation can be 
satisfactorily accomplished in the near infrared by the use of n low- 
dispersion. prism monochromator in front of the grating mono- 
chromator; but at wavelengths beyond $25 /X) filtei^s opaque to .short 
waves must be used. Thin plates of fused quartz arc suitaldc for 
climinationL of radiation between 10 and 50 fj., and hard parafElii, 
metallic blacks, s])ecially prepared ]>owdei‘ fi ltd's, and .soot-blackcnwl 
pax>er liave also been used. The reflection filter of White ^ inciitioiicxl 
in § 17.1 can also be employed with great efFccti vcncas. 

At the present time, grating sj)cctroiueteps fop the infrai*ed are not 
available commercially, altbough there arc jiuiiicrou.s custoin-lniill 
instruments in research laboratories in the United States, IVlost of 
these are equipped with gratings ruled on the engine uL the University 
of Michigan, Figure 17.4 is a reproduction of a record of the fur 
infrared absorption spectrum of deubcriuin oxide vapor made with 
the grating instrument described by lluiidall ** and located at the 
Handall Laboratory of Physics at the University of IMicliigiin. 

17.4. The Measurement of Infrared Absorption. Ilcc;ai]sc infra- 
red spectra are nearly always studied as absorjitioii .spccrira, I be 
technique of absorption ineasurements in tliis region will be c<»nsicl- 

‘*11. M. llandnll, f^er. Sri. 3, 300 (1S)32). 

“ J. D. lliinb'i Fter., 38, ilCi (ItiJM), 
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ered in some detail. Methods for the measurement of spectral 
rndintion in the infrared region, including amplification and recording 
of detector output, were discussed in Chapter IS. The special 
features of infrared absorption measurcinent otlicr thnii detection, 
amplification, and recording will l)c dc.scribcd liei*e. 

[nfrarcd-absorptioii incasuremeiits are carried out on substances in 
any of the three states of aggi'cgatioii. The tcchniqites used in 
handling the siimj>ics arc not elaborate. The absorption cell is 
placed in the optical path somcwlicpc between the source and the 
entrance slit, usually just in front of the latter. The cell windows 
arc ordinarily of ]>oiLshcd ruck suit several millimeters thick unless the 



Fig. 17.4. A record of tho speclriiin of douterUim oxide (‘Micavy water*’) 
Tapor in the spectral region 34/4 to 3Sju. (Ctnirlesj’ I’niT. il. M- Uiiiidall mid 
Penn li, A. Siiwyer.) 


s|iecLriil region under iiivcsLigiilioii lies Ijeyuiul io /i, in wliii'li eiise 
(mtassiiiin bruniiile or some other suitable niateriul is used. 'I'lie cell 
windows iiiiist be large enough to ailiiiil tlio eul.ire colliiualcd beam 
from the sourt^e, wliiidi means that in praetiiTO they arc to 5 cm in 
din meter. 

In the stmly of gases, the wiinlows are fasLened on the ends of a 
glass or iiiel.al eylinder willi tni appropriate cement. 'J'he sjini])le is 
admitled to the (‘ell through sidi^ lubes in the eylitulera and llie gas 


pressure is adjusted to give I he opliniuin iibsorplion. 


In gtsnenil. 


iiltHOrptifiii S|ieeli'a of gases are olilaincsl al several pressures, heeaiise 
die optlnintn pressnrt* for I In* resoliilion of fine slnieUii’c* in oin* spec- 
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tral region is usually too high or too low for best resolution in other 
regions. If the vapor pressure of the substance under study is low 
at room temperat 111 * 68 , sufficient absorption may be obteuned by 
ixicreEising the length of the absorption cell or by I'aising the cell 
terapernture. Neither of these expedients is entirely satisfactory, the 
Brst because of the awkwardness of Long cells and the ititter because 
of the difficulty of scaling rock salt to other materials over a mde 
temperature range. The length of gius absorption cells in general use 
varies From about 10 to 30 cm, and the gas jiressurcs used may run 
from 5 mm or even less for strongly absorbing .sub.stnnces like fluoro- 
carbons bo half an at mo sphere for weak absorbers such tts hydrogen 
chloride or water vapor. 

The difference in densities between a liquid and its vapor under 
standard conditions being nearly a thousandfold, a tliousaiidfnUl 
shorter path length should be sufficient in a liquid to produce the same 
infrared absorption. Prom the figures given above, we should expect 
that liquid cells should have a length (iLsually called “thickness*') of 
0.1 mm or lc3.s. Actvial practicable cell thujknesses run from 0.01 to 
L.O tnm^ the average being around 0.0.5 mm. Licpiid cells usually 
consist of ti metallic gasket or spacer of a thickness equal bo the de- 
sired path length, which is placed in .sandwich form between the two 
rock-salt plates serving as cell windows. Licpiid is put into the cell 
either through an orifice in the gasket or before the cell lh assembled. 
Ill the latter procedure, one window is laid flat and the giuskot is 
placed upon it. A drop or so of the litpiid to be studied is placed in 
the shallow receptacle so formed, ami the other window ia tlioii pul 
on top of the gasket in such a way lluit all air is sqiiecKod out. The 
resulting sandwich is held together by metiiUic Highly 

volatile liquids cannot be handled iu this way, and must be plaiecd in 
cells by the former technique. .\n absorption cell For voUitile 
liquids has been described by Gildart and Wriglit,*^ 

In quiMititn-tive iimilysis of liquid mixiuriw l).y tlioir infnirud s]ie(?tra. 
it is highly important to have a cell of rei)rodii('ilile tliitrkness, hcciiiisH' 
for highest accuracy the spectra of nid^nown aii<l slanrhtrd samples 
should be measured in cells of the same Lhurkness. Tht; best nieaiis 
of ensuring reprocliicible cell thickness is to employ a. t:cdl oF 11 fixed 
thickness that is never chiiuged, and to use this cell for all lumly.scs of 

M ■ h "" 

b. (lilLlnrl and N. WrigliL, Rer. Sri. /hm/., 12, (11) M). Ad<1ilH>i]iil 

Lo cniialrtietion of nbsifrpl ii>ii rcih will lit' ruuiid in I his pnper. See also C■l•rH‘rrlE 
llcfiTcnce 17.i). 
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a given kind of mixture. A disasKomblcd cell will never regain 
exactly tlie same thickness lifter reassembly, and therefore a cell 

sliQLild not be taken apart if it is to Lk=» iLsed again for quantitative 

■ 

analyses based on working curves (§ 17.0) obtained previously, A 
typical cell design is shown in Vig. 17.6. 

SiiiGG the density of solids is of the same order as that of liquids, the 
path length in solid media for optimum infrared absorption is about 
0.1 min. If a solid caji be fabricated by rolling, melting, dciiosition, 
aud similar methods into a thin sheet or ]jlate of this thickness, it 
offers no difHciilty. The optical quality of the .sheet for visible 



Fig. 17.5. Lplqiiid absorption coll for infrarod spectrometer. 


wavclcngllis is iiiiitiiportaiit. Solids that <;aiinot he made into sheets 
or plates can Hoincliines he sLudied iti the rorni of a thin jmwdcr layer 
deposited on a roirk-salt plate by K<xliineiitalion. Thus teehnique bus 
been used by Pfuiul/ VVrigbL,'” and «>tliers. Solid.s are also occasion- 
olty examined in .solution, but this procediin^ luus liniilations. It can 
almost never be used for study of siibslaiices soluble only in water; 
eTOii for sidustaiu'cs soluble in organic solvents, it recpiires the lusc of 
two or mure .solvents so that Llie spectral regions of absorption of one 
solvent can be ex a mined in a different solvent that is LransjMLrent in- 


tlioso regions. 'Flie part iei Liar solvents elioseii for a given .soliti depend 


** X. ,four. ftiof. IV/rH#.. 120, (IH (li>S7). 
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I 

on the spectrum expected for the solid and on its solubilities. Often 
it is useful to examine a solid in tlie form of a suspensoid or 
in an inert liquid medium sueb. os Nujol.^^ As for solutions, tlio 
regions of absorption of the medium interfere with tlie measurement 
of the spectrum of the suspended solid (see General Itefereiico 17.1, 
page 11). 

It is customary to present the results of au' infrared absorption 
study as a graph of per cent transmission plotted against wavelength 
in microns or wave number in cm“^. Some infrared spectrometers 
produce such a record automatically and lienee may proj^ierLy be 
called infrared speGtropJioioinelera. Most instruments, however, i>i'o- 
duce records from which transmission curves can be computed. At 
every point on these records, there must be explicit or implicit indica- 
tion of the wavelength and the deEections corresponding to (a) the 
transmission of the sample, (b) 100 per cent transmission, and (c) ssero 
transmission. AU of these except the last vary greatly through the 
spiectrum, but they must be known if the per cent transraisaioii of the 
sample os n function of wavelength is to be obtained. 

Wavelength is generally indicated on the record by some kind of 
fiducial mark made at convenient intervals during the recording. 
These marks are related to wavelength when the instrument is 
calibrated (see § 17.S) and their reliability may be checked easily with 
reference to the well-known absorption bands of water and carbon 
dioxide, or other convenient standards. The deflection for «cro 
transmission can be indicated os often as desired by the insertion of nn 
opaque shutter in Front of the absorption cell, but the 100 per cent 
transmission dcfiectioii is rather more coin])Ucatod to record. This 
deflection varies considerably with wavelength in approximate aocrord 
with the blackbody curve. At any particular wavelength, moreover, 
it is a functLon of slit width, source temperature, and other factoids such 
as scattered radiation within the instrument and absorption and 
reflection in the optical path outside the absorbing substance. lly 
careful regulation of these factors, it is possible to obtain a 100 ]jer c:ent 
transmission curve throughout the spectrum which is suffit?ieiiUy 
reproducible for most purposes except those of quantitative clicmiciil 
analysts. 

"VN^ien the spectral record of a particular substance has been ol>- 
*tained, it still has to be translated into a per cent transmission vs, 


Tlr. n. TlninGS, E. F. WilliBma. el al., Ind. Ettff. Chom.t Anal, ed,, 19, fl'tO (ID IT). 
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wavelength curve with the help of the 100 per cent trunHinissioii curve. 
The translation step is time-coiiaiiining, aiul various iiiethocls for its 
elimination have been suggested. One of these consists of a device 
for forcing the instrument to give a horizontal straight line as the 
100 per cent transmission curve. Iiuusmuch as the slit widths have 
to be changed several times during the scanning of the s]JOctruin 
anyway, a straight line for the 100 yjer cent transmission curve might 
be obtained by varying the slit wulth continuoiisly as the specLrxun 
is scanned, the rate of variation i>eing governed by a cam so ns to 
compensate for the Ldackbody curve and other viiriahles. The 
diOlciilty hei*c is the exceedingly fine control of slit wulth needed at 
the short wavelengths near the peak of the blackbody curve, where 
the curve is very steep aiul slit widths arc very narrow. If electronic 
nmidiRcation is iise<l, control can also be exei'ciset i by coiitiiiiions 
variation of am])1ifier gain as the spcctrinn is Hc^anned, A combination 
of these two devices has been desciribed by White.*** 

The more basic aiul more .satisfactory way to pTO<Uice a record of 
per cent transmission is to provide a mechanisin within the spec- 
trometer by which the actual transmission of the siutiple is compared 
nutoiimtically aiul continuously with 100 per cent transmission as the 
spectrum is scanned. Such a meclianism eon verts Llic sped ro meter 
into an uiitomaLic-recording infrared absorption spc'clroplio to meter. 
The fiindaiiieiital ])riiieiples of infrared absorption H]>ecbrophotoin- 
cters are essentially the satiie as those for the visible and ultraviolet 


(Chapter hi), the difl'ere nt!es in detail arising from dilTcrencua in 
sources and deteelors. Various arrangiMiieiiLs have been described 


by Hardy aiul Ryer,*“ Wright and I lerscdier,-** and others.-* 

The optical .syslem of a. (rotinnercaal iiistrninent^''® having several 
fentiii'cs in connnon with those of Hardy and llyer*** and Wright uiid 
ricrscliei'^'* is shown in Kig. 17.(1. Rudiiitioii From a Ci lobar soiir<‘c is 


rcccivc<l on two ideiitu'al spherical mirrors so lociiteil (hat tlie two 
source-to-mirror bean is uiaUe an angle of about Lfifi deg, 'l^be two 
collimated beaiii.s then pass I h rough two identifial cells, one hohling 
the sample luul I he other tlu’: rt^Ferenct' slinulard wiLli re.s])ect to 
wliicli the iransmission of llu' sample is to lie nieiisiirt^d, Ry dehni- 


** J. ir. ^Yll^U;. Jour. Opf. Stjr. Ant., 36, Sfl'^A (If)-HO. 

**J. 1). Hiirdy him) A. I. Ityi‘i\ /V^i/.v. /tri'., 55, 1 1 (JDS))). 

N- IVrifiliL mill L. \V, i Icrsi'lii'r. Jottr. Sno. .-If/i., 37, ^1 1 ( ID-I'T). 

11. V. lYilcl. ifvr. Sri. 18, ISIi ( ID47). 

^\V. S. Ilninl, 11. M. O'Dryiin. (!itii‘>(ti (l^iii'ii, tun) Dnritlli.v Jottr. Opt. Srir. 

37, T.'i l (11)17). 
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tioui the transmisaion of the reference cell is 100 per cent and Iht* 
instrurDcnt functions so ns to deterniiuc the ratio of the transmission 
of the sample to that of the reference. For example, the per cent 
transmission of a substance in solution would be determined with 
respect to n reference cell containing the solvent at n thickness equiva- 
lent to that of tlie solvent in the sample cell. 

Tlie beams ]}ass tlu’oiigli the two cells at right angles to each other 
and pi*occed to a point of intersection at which a rotatiiig-secLor 
interrupter is located. One sector of this interrupter is a plane 
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Fig. 17.45, The optical system of the Baird Associates’ recording Infrared. 

spectrophotometer. ((’uiirlc.Hy lljiii'tl .\.s.si>cruil«.s.) 


mirror; iiiul when this sector Ls at the beam iiiLersitclioii, the beam 
from the siiinplccell is reflected onto the entrance slit oF tlie speclroni- 
etor while the beam from the reference cell is occulted. The tsLlier 
sector is simply an opening through which both l^ctuns pas.s, llu* 
reference beam proceeding to the entrance slit and the .H 4 i.nip 1 c ht-iiin 
]mssing harmlessly off to one side. From the entrance .slit oiiwjird, 
the optical path followed by radiation of any given wavelength is 
j4lentic‘al r4»r both beams. 
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the radiiition at a piirticiiliii* wiivcIcmirLIi, say 10 fi, is incident 
on ihe exit slit of the spectrometer, this radiation will remain constant 
with time if the 10-/* radiation from the source is constant and if the 
reduction in intensity which results from passa;;;e through tlie two 
absorption cell systems is the same for both. However, when the 
sample cell absorbs more l0"/x radiation than tlie reference cell, the 
iiy.eiisity of this ra<liation at the exit slit will flicker* ’ with the fre- 
quency of the rotating-sector iiiteiTupber. The am )>li tilde of the 
flicker depends on the absorption of the sample, and could in principle 
be mensiircd directly to detcriniiie the per cent transmission. Com- 
plicntioiis of the sort discussed in § 14.38 and in Wright and IIerscher\s 
article are avoi<lcd, however, if a null inethofl is used. By reducing 
the intensity of radiation in the reference beam to match the smaller 
intensity of the sample beam, one can <lcterinine the latter from the 
nmoiint of reduction required. 

Ill the instrument show in Fig. 17.7, the i*efercnee beam is capable 

of 1 X 2(1 ucii oil by means of a comb-shaped shutter, the tectli of which 
nre triangular in shape. The si i utter is driven by a motor whose 
source of .current is the bolometer on whitrli the flic^kering beam 


ulliinaLely fulls. Tlie 1 Kilometer (Mirren t is first amjilified by an 
AC amplifier tuned to the fliekc'r fre(|ueii<ty (5 13.8), the value of 


which is of course flelerinined by the sector intt'rriipler. 


'Phis cnrrenl 


causes the slmlter motor to move the .sliutter into the rerereiice beam 


until the flicker disuppears. Sitnullaneoiisly, the an ion tit of motion 
of the .shutter is recorded. By adjiistmeiil of the sikc* and slia]>e of tlie 
leelli in the sliultcM’, it is possible to establish a linear relationship 
between this motion and Ibe ]ier cent I ransnii.ssioti, so llitd the recaini 
of shutter molioii is also a rf'cord of jicn'ccuil Iraii.smissioii. 

The spiK‘lrurn is sen ni led by rolation fif tlu’ 1 .itlrovv mirror (§ 17.3), 


marked avavki.mnutii Aiiiuiou in l'*ig. 17.(t. 


I'he same ttmlor tind. 


drives the mirror al.so drives l)u‘ recxtnb'i' dm in, giving thereby a 
clircM^t reliil ioiisliip belweiui wa vc'leiigt h and drum oriejita I ion. As 
the .qpoeti'um is seamied, llu' i[niin iitid a recxirdiiig pen eon- 

nected to the slmller traces out the pt‘r ecnil Lransinissioii (‘iirve on 
a ]iaper chart properly ruled in ( riinsniissioti and waveleiigtli co- 
ordinates. A lyi>i(‘al curve is shown in Fig. 17.8. 

'Pile use of - airipli fir-at ion lias Ihe advantages inent iotier] in 
^ 13. H. In addition, it iniabh'S a traversal of the speelruin willioiit 


inlerrii])tLori from one* end to the other. Ordinarily it i.s necessary to 
stop an iiifnnxsl s)ie<‘l ronieler wliilt^ the slit wiiitli is being (dianged to 
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coTnpcnsate for change in the radiation curve. In the Baird instru- 
ment the slit- width change can be made continuously, because any 
energy changes produced by changing slit width aifect both sain^^lc 
and reference beams equally^ and therefore the intensity ratio of 
sample beam to reference beam is not affected. Inasmuch iia the 
satnple-beam and reference-beam intensities are balanced by the 



Fig. 17,7. Baird ABSOciates' recording infrared spectrophotometer. 

(Cdurtesy lliiird AsHnciiilcH.) 


ineclinnical shutteTi the slit-wLdtli drive does imt liiive to operate so 
as to compensate the radiation curve with higli precision. 

A double-beam instrument has many possil^ililies in luldilion to 
its designed use as a spectrophotometer. A valiuihlc a])plu;ntion lies 
ill the moasiiTement of tlifferential spectra of clieinu^al HubsLiUK'cs 
known to differ in some important way (in ])hysiologi<’al activity, for 
example) but without known difference in chemical composition. It 
is also apparent that .such differential spectra offer interesting pos- 
sibilities in control of purity of chemical prcyiantlums. 


Wovi NutnbtfS in cm 
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APPLICATIONS OF INFRARED SPECTROSCOPY 


As waa mentioned above, infrared spectroscopy lins been most- 
widely applied in. the anitlysia of chemical compounds by means of 
their infrared absorption. However, extensive reseni*che.s have also 
been carried out in the fiehls of emission and reflection spectra (Gen- 
eral Rcferenceg 17.2, 17,8, 17.4). The emission spectra of gases have 
been used to extend spectral series into the infrared region, as in tlic 
Paschen, Brackett, and Pfiind series in the atomic hydi-ogcu spec- 
trum ; and the infrared spectrum of the “blackbody^* radiator fiir- 
nislied the experimental basis on which Planck first proposed the 
c[unntiiTti hypothesis. The reflection spectra of crystals, apart from 
their utility in the isolation of narrow spectral regions, liavc been 
widely studied in connection with crystal structure and composition 
as well ns related properties such as specific heat. The reflection 
spectra of crystals are as characteristic of the crystal as their absorjj- 
tioii spectra, and could be used For identification. The tccliiiiqiic.s of 
absorption spectra are more generally applicable, however. 

17.5. Qualitative Chemical Analysis by Infrared Absorption 
Spectra. In order that results of infrared-ahsurptLoii studies minlo 
iiiifler different conditions may be compared, research workers in this 
field usually indicate, exijlicitly or implicitly, the path length, pres- 
sure, tom pern t lire, and slit width at each wavelength, and iiiiy <5ther 
pertinent information. However, it has proved imiiOHsiblc to Follow 
the convention, used in the field of visible and ultraviolet .siKJctro- 
pliotometry, of plotting extinction coDflicicnts calculated from Beer’s 
law (sec Chax>ter 14). The reason is not ncccs.Hapily that Beer’s law 
iloes not hold in the infrared hut rather that experimental tie termina- 
tion of extinction coefficients meets with difficulties that arc (iiiii-iit i- 
iiitivelj^ small in the visible and ultraviolet hut may be ovt'rf lowering 
in the infrared. Hence the percentage transmission values given in 
an infrared absorption spectrum have at best a 8erni<|iitintitative 
significance, for which reason absorption bantls are frefnieiitly listerl 
in tablc.s of infrared spectra on a qualitative scale as “very weak,” 


or “very strong. 


“weak,” '‘medium,” “strong, 

In the past, the two most important ilifficulties to overcome luiv’c 
been the effects of slit width and of scattered radiation. cori’etfl.ioMs 
for both of which arc difficult to apply at every waveloiigth in the 
infriirctl for which extinction coefficients arc to be caUiiilubed. ^Vilh 
coinmercial spectrometers of high optical quality now available, these 



495 


|17.5] SrEGTIlOSGOPY OF TIUH 1NFIIAI\ED REGION 


difHcultics can be considerably reduced and very probably ivill be in 
tlie near future. Additional troid)lc with accurate control mid meus- 


urement of liquid absorption- cell tbicknesscs and with the photomet- 
ric comparison of two beams is also involved, but it appears that 
infrared extinction cocflicients are n realizable goal. 

It might reasonably be concluded from the foregoing paragraphs 
that the use of infraretl absorption spectra For chemical analysi.s 
would be out of tlie question, particularly if the analysis has to be 
quantitative. However, the fact is that both qualitative and quan- 
titative analyses are possible. Tlie elFects that prevent a determina- 
tion of exLinetion coeflicients are never tlielcss quite reproducible for 
one instrnmeiit at one wavelength and can thercfoi'c be taken into 
account empirically, even blioiigh it is iiuiiossiblc to measui'c them 
Rccurntely. ^I'hc procediii'es used in infrared analysis are described 
below, and from them an uii<lerstandiiig of applicahility of this new 
analytical tool can be gained. Wc ])oiiit out here some of the general 
advantages of elicmic^al analysis by infrared means. 

Infrared analyses can I>e carried out rapidly on a very small amount 
of sample (<0.1 gram) if it does nob re<|nire .speeial prc])aration fpr 
spcetroscopie sLutly. The analytic^al jiroeediire is not destructive; 
that is, the sample can be rei'overed quantilalivel}'' after the spectral 
data have been obtained, 'riiis feature is especially valuable for 


clicniieitlly fragile s (distances, on whi(di infrared radiation produces 
DO chemical action a[>arL from its lieaLiiig of feet, in contradistinction 
to ultraviolet radiation. For the analysis of cheinictal and biological 
luittcrials, where the total .siiinple at the dispo.sal of the investigator 
may be only 10 or “iO mg, those features are especially valuable. It is 
apparent that after special modifications for his purposes, the biu- 
elicniist will rind the analylitid use of the iiifnire<l sfiectrometcr to be 
as powerful a tool as it is for the industrial orgiiiiie eheiiiist. 

The li ini tat in ns of analysis by infrared means are several. Ft has 
bccu oiiiployod primarily in the aiialysis of firgatiic compounds, 
nltlioiigh the advantages it offers to the inorganic chemist would 
appear to l>e (sinsiderabif^ However, the fa-cts that water is opacpie 
Ihi'oughnut the near infrared atnl Uiat most atoms aiul moiiatoinic 
ions do not ahsorh al all in I Ins region eliminate the infrai'CKl siiec- 
Iromcter ns an analytical tool for many inorganic; problems. In the 
IHtst, the c'xpenmeiil al diflieiilbies eiieoiiiitered in eonstrueting and 
inaiiil aining a good si>(*el roni<*ter have; been suffieieiiLly rormidahle to 


nilc out the use of infrared in many lahoratories, but this liiuitaticm is 
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to a large extent removed by tlie availability of rugged and reasonably 
priced commercial instruments. 

In Chapter 11 it was stated that near infrared sijcctra arise from 
inolecular vibration* while Far infrared spectra arc due to molecular 
rotation. Because of the relative simplicity and availability of priKiii 
spectrometers, at present all chemical analysis by iiifriirecl means is 
carried out in the near infrared. Necessarily, then, the qualitative 
analytical conclusions are drawn from spectroscopic observations of 
molecular vibrational frequencies. It is well known from experient® 
that the vibrational spectrum of a polyatomic iiiolcciiLc can lie 
classified approximately into those frequencies which arc characteris- 
tic of the molecule as a whole and those which arc charaeberi.stic of 
small groups of atoms within the molecule. These latter freqLicncde.s 
(compare Table 11.^) occur in a molecular spectrum whenever the 
groups giving rise to them are present in the molecule, regardless of 
the structure of the molecule as a whole. It is a further result of 
experience that the infrared spectrum of ti mixture containing difTcvciii. 
molecular species is simply the superposition of the indivi<liial iiifrare<l 
spectra of tlie various molecules ^iresent. Whenever the spcctriiiii 
of a mixture is not a superposition of the spectra of the subs Lancs w 
that were mixed together to form it, one can conclude that some sort 
of reaction has occurred in which some change has been made in the 
molecular structure of one or more of the original siibsttinc;es. 

The following kinds of qualitative information may be obtained 
from the infrared spectrum of an unkuoAvn substance or mixture ; 

1. If the material is known to be n single clieinical substanc^e and is 
presumed to be one of a number (large or small) of substances whose 
spejLi'u have previously been determined, comparison of the s]ieclruni 
of the unknown with the others will quickly establish whic'li, if any. 
of the presumed substances it is. 'riiis comparison is [irulmbly Lhc 
most useful qualitative infrared procedure. 

9. If the material Is known to be a single cheiniciil suhstniKre f>r 
undetermined structure, the spectrum <taii .show the i>rcsencrt> or 
absence of various groups of atoms and thus can lend powerful aid 
to a determination, of the structure or essential parts of it. 

3. If the material is a single chemical substance of 
purity, comparison of its spectrum with the specLru of siispeclod 
imparities can often establish the presence of certain impurities, to- 
gether with a rough estimate of the ainoiiub of impurity. Of course 
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the sensitivity of tlic metliod dcpcmla on the spet^trn of the substance 
nnd of the impurities. Under favorable conditions it is possible to 
identify impurities present in amounts less than 1 per cent, sometimes 
much less (0.01 per cent). 

4. If the material is a mixture of chemitral substances, comparison 
of its apectrxim in a systematic way with the S[)cctra of substances 
conceivably present in the mixture can lead to identification of the 
eomponenta of the mixture, togetlier with a rough estimate of their 


percentages. 

It is apparent that one must have a table of group frcqneucic.s and 
a catalogue of spectra of pure siifistanccs if one is to carry out the 
analytical procedures just on timed. Extensive tables of character- 
istic group frequencies like T^ible 11.2 have been given by various 
authors.* These Finiqucmsy values arc easily rcprodiitriblc from one 
•spectroscopic scbii)> to another and can he relied upon for ntilvlybical 
purposes. The situation is not quite so simple, however, with respect 
to catalogues of absorption spectra. For one thing, although existing 
catalogues give many absorption curves, t it is quite probable tliat a 
given Htialytical prol^lcni will cull For spectra not previously published. 
Moreover* in coini)ai'ing spectra of unknown substancics with known 
spectra, there is a great advantage in (Mil ploying s[)ectra obtained on 
the same instriiinetit and undc^r (!oni] iambic (Mi'cunisliinccs. For this 


reason a laboratory carrying out qualilativt^ analyses iiy infrared 
means ciisLomarily sets up its own cu)] lection of jdisorption (Mirves. 
The aysteiiiatic use of <?atidogiies of infrared spiuiLra in industrial 


rcscai'cli laboratories has been described 


by Wright"” iiml by Barnes, 


Gore, Tdddel, and Willianis ((Jenenil IlcftM’encci 17.1). 


17.6. Quantitative Chemical Analysis by Infrared Absorption 

Spectra. Quantitative analyst's of iuixt(ir<\s of organic compounds 
arc usually feasible dt^spile the previously tnciitioiied difnt'uU.U'iS that 
prevent the accurate ineasiiremeiil of ('xtinc'lion coefficients. Tlie 


prevent the accurate ineasuremeiil of ('xtinc'lion coefiicients. The 
di flic ill ties are sidestepped liy determining the infrared absorpliou of 
the unknown at various wnveleiigl lis under carefnlly coiilrolled con- 
ditions and (sunpariiig these absorptions r | nan ti tali s'cdy with Ihoscr 
nieusuTi'd for various standard satiiplc'is under identical coiidiLions, 


^ See-, fnv t'x 

Reference 17J). 


pie. Tnliles I -'‘Ip ill tifiii'riil llefi'n'iKt; 17.1 line! 0 nf (101101*111 


t Itcrennic’C! 17.1 ^ivoh Npoclni Pnr snini* ‘Ida otiitipoiiiiclH, iii(ih|I.v liitiiLoil In llio rniif*o 
.5-1(1^, (lOiionil R**ri»n*nt*r 17.7 ^ivo.s fur srvoi‘iil Iuiiiiln*c1 )lyttrn(*ll^l)ull^i'| iiiicl 

Ociiertkl llororiMKi' l7.-k c’lnnpili^d 11111 iiy yoiirH ii^o, is still ncToiisitiiiiLlly iiM^rul. 

X. IVi'i^uhL, iud, Kitg, Atud. w/,. 13, I (IPlI). 
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AraoiLg tlie factors that must be controlled arc the temperature of the 
sample, its pressure if it is studied as a gas, the absorption path length 
(if the sample is studied os a liquid, this is the cell thiekiiess and iiuisL 
be reproducible to 1 per cent or better), spectrometer slit widths, niid 
wavelength settings. 

When these variables are controlled, it is possible in principle to 
analyze a mixture of n components by determining the fractional 
traiismiasioLis, T, at n wavelengths and solving tlic set of simul- 
taneous linear equations, obtained from Rcer’s law (compare Hjqs. 14.7 
and 14.8), relating T bo fractional composition X : 




-log r, = 

‘ Z C,iX, 



J-1 


—log Ti o 

1 

It 

(17.1) 

■ P P 1 P 1 

-log 7’„ . 

= 2 CnjAO 



j-i 


Here Tn is the fractionnl transmission of the mixture iit X„, Xj is 
the fractional amount of eomponciit j in the niixture, aiul C^j is the 
viiluc of ( — log 7*») when Xj = 1, that is, tlic value of { — log T„) at 
wavelength for the pure component j. 

Since all quantitative analyses l>y iiifrarctl absorption arc ctirriofl 
out by some variant of the above ]jroceilure, it i.s necessary to consider 
the practical restrictions which apply to its u.sc : 

1. Beer’s law must liold in cflfcct For the ranyc of compoftiiumft over 
which analy^ses are io be made.* Its validity i.s best deleriuiiied by 
candying out actual analyses on samples of known composition. If 
nnalysLS is impossible because of the magnitude of deviations from 
Becr*.s law, such a trial procctlui*c will show it and will reveal as well 
any other practical impediments to accurate anal^'sis, such as the 
variation in scattered light in the spectrometer at a Hxetl wavelciigLli 
with variation in sample compos! tioik. 

2. The n wn-vcleiigtlis at which 7\’s are dcterniincd must be selected 
judiciously to give the best analytical accuracy for the mixture in 

* llcer's l*LW Hfiya llint log (lo/J^) is n. linear riinclion <»f Lliu oitiK'niLniLioii e. 'This 
rc1iiC.il ms] I ip mtiy iu>t hcilt) for mcnsiircinoiiLs of In/fc **** H]>*'c'lr(UiiotoT fur ii 

f^ivcii siibsLancc over lli6 tlcsirccl ctmccnlriiLicni riiti^fi*. llowevop, il niaj' lio |*iihhH»Ii? 
t«J corrections for scaUeretl light hiuI the like, ho lliaL IJ<5t)r's law iloes Inihl. Iti 

.siicli a case, Rcer’s Inw may be snitl to hold “in circct." 
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the spectral range involved. Clearly, one must not select two wave- 
lengths for which Cij is approximately the same multiple of for 
every j. Likewise, one cannot expect to Jiiicl wavelengths at the 
first of which only component 1 absorbs, at the second of which OLily 
component % absorbs, and so on. Such a fortuitous circumstance 
will be especially i]npro])ablc if one is analyzing, as is often the ctusc, 
o mixture of chcinirnlly similar substances. The closer one can 
approach to this ideal situation, however, the grciitcr the accuracy 
and the ease with which the analy.sis can be carried out. 

8. Since Eq.*?. (17.1) assume the constancy or reproducibility of the 
various factor.*? j)rcvioiisly incntioncd, such as slit widths, wiivclciigtli 
settings, and cell thickness, these facLor.s must be controllable. OF 
particular importance is cell thickne.ss, the reproducibility of which is 
vital. It is therefore cii.stomary in quantitative work to use a per- 
manently as.scmhlcd coll of Ilxod tliicrkncss For all the meiusiiremciits 
involved in a given analy.sis. 


In practice, aiuilysc.s are usually inade with n simillor than 5, and 
tasunlly with n — 9 or 8, altlioiigh us mmiy us 10 coinponont.s have 
lx!cn determined in liy<lrocarboii niixtiircH. 1<W « = 2, the iiiiuly ticiil 
problem frequently calls for the tletertniniilion of small amounts of 
component 1 in the pivsent'c of J)()* per cent of component 2. In such 
an instance, the analylicai procedure can be .speeded up tis well as 
made more accurate by preparing from standard HRtnples an analyti- 
cal working curve.** This curve consists of a plot of log 7* iiL Xi 
against Jli over Llic range, say 0 to 0.1, withiii which Xj i.s cxpccUul 
to lie. The value of A"i ff>r an niikiiown (uiii then be read tiirectly 
froiii the working tnirve when the value of log T ii.t has been ineus- 
iircil for the unkiio^vii. In spec*ial cjiscs, this procedure cjin be fol- 
lowed in tlie determiiialioii of two or more componcni.s .Vi, A" 2 , -ITa, - . , 
when they are present in atuoiinls small by crornijarison wil.Ii Llie 
largest coivipoiienl , pnivided lliat ea<‘li working fairve (at Xi for -Vi. 
ni Xa for A's, . . .) is iiiiiiilhienced by variation in the iiinoiinls of 
the oilier eonipoiieiils. Si riel ly, llii.s proviso is ei (iiiviileiit to the 

ideal situiilion nienl ioned under resiriclion 9, above. However, in 
the ccpiation 

log / 1 = f 'iiA 1 -\- f 'i-'A 2 “1- f *i;iA « ”1” ... ”1“ (constant (17.2) 

lo a fair apprnxiinalion (>ne <‘aii iieglecl llie terms f'laA’^a, , . . 

when Cii is imieh larger than f'l-j, juhI A' i. A' a, A^:i, . 


. . arc 
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all small. The constant is the contribution of the largest componcnt» 
whicli is present in Bxed ninount both in the known samples used in 
making up the working curve and in tlie unkiiownSv l<^xtcnsivc dis- 
cussion of nnnJytical methods by means of working curves will be 
found in General Reference 17.1 and in various other places. 

Quantitative analyses by means of iiifrai'cd ab.sorptioii arc carried 
out either on liquid or on vapor samples. Proviilctl Llic problem of 
controlling sample thickness can be solved with sui table accuracyB as 
by the use of an internal standard/^ there appears to be no reason in 
theory or in practice why one cannot also make analyses on solids 
whose near infrared absorption is suitable For the purpose, Infuarccl 
quantitative analysis is especially valuable in the dctcriniimtioii of 
closely similar clicmical compounds such as geometrical isomci-s. It 
has been mentioned earlier that aqueous solutions cannot ordinarily 
be analyzed by means of their near infrared absorption. 

17,7. The Determination of Molecular Structure from Infrared 
Spectra. It was mentioned in § 11.4 that the absorption of infrared 

radiation by a vibrating and rotating molecule depemls on the pres- 
ence of a molecular dipole moment. When the di])ule moinenl 
changes temporarily during Lhc cour.se of a particular vibration of the 
molecule, infrared radiation of the Frequency of that vibration can be 
absorbed by the molecule. Those molecular vibrations whicli tire 
attended by no change in the dipole moment do not absorb infrared. 
Likewise, those molecules which at rest ikishoss no dipole inotneul 
cannot absorb infrared radiation by rotation aloiu*, but if the inolcc- 
iilnr dipole moment changes, during a .simultaneous vibration uiu! 
votiition, the combined frequencies (both sum and tlilforciicc) of 
vibration and rotation can be absorbed - 

It has been known for some years that spc(*tro.sco])i(’ activity of 
niolccnlnr vibrations and rotations is strongly depeiulciit on their 
symmetry.®*' ** In fact, it is ymssible to work out table.s of scdec^Lion 
rides for infrni'ed and Itamun spectra purely on tlu* basis of inolecnihir 
symmetry. AVith no more detailed knowledge oF a parLicmlar mole- 
cule than the number and kind of atoms in it aiic) the Hyninielry of 
tlieir arrangement, one can determine the iiiimlxu* of iiiolecuiliir fw- 
queneics which appear in infrared id).sorptioii and in the llainini ellWl 

=*.I. R, Nielsen and D. C. Rmitli, In/t. Enff. Chrw., Amif. twi., IS, (UK) (llUSO, 

“ ('. J. Urcslcr, y,rifttchr. J. PhtfJtik, 24 , 

PltiMck, fFiiti{ihiirk der Radioloyie, Vol. VI, part ii!, paat's 2()i1 /T. 
Aknaemischc VL-rlass.. IJI34. 
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(Cliapter 18), togctber with other results such as the number of fro- 
<]iiGiicics that occur annul taneously in both. 7110 ])Toccclurc used in 
delcrmiiiuLioii of inolccuhir structure from infrared and Ilaman 
spcctrn is u.s follows : 

1. Observe both .spectra. 

a. AssLinie a nioteciilar mod el, and from the selection rules predict 
the number and ly]>e of frequencies to ap]3etir in both .spectra; if 
poaslblc, estimate the a])proxiinate spectral positions of the fre- 
quencies. 

3, Compare the obstM’vcd spectra with the pre<]ictions of the model. 

'Js. Accept or reject the model. 


In principle, this ])roees-s .should bo repeated for every possible inolcc- 
ulnr ayminclry eom[)a tilde with the niunher and kind of atoms, 
but ill prjictice it is usually necc’.ssary to consider only the smaller 
number of strneture.s coii.sisteiit with additiniiiil restrietion.s such as 
those of chemical valence. It is, liowever, a fre(pient practical result 
that two or more models ajipear to exidain the spectra equally well. 
In siicli instances, tuldilioiial spectrosf!opic tlaliL arc needed and can 
often be obtained by such exjiedients as the study of isotopic spectra. 
For molecules of interest to the organic chemist, <lcntcriuin is a 
valuable tool in sjieclroscopic aiinlysis.®^ 

'Tlic dctenniniiUon of moleciiliir symmetry i.s iisuiilly insiiflieieiit 
for a complete speenfieation of the intern tom ic bond angles in a 
innlcculc and rirvtfr determines the int<M*atoiiiic distances. The 
evabiatinn of interatomic; diHta.Mc;es and angles by .spectroscopic; 
means Ls acconipli.slH'd lliroiigli ti dc^terininatioii of molecular tnonicnl..s 
of inertia, wbieh are involved ill the free [ ucmi cries of niolecriihir rntatioiis. 
liowever, this procrt'dnrc'* is sevc'rely liiiiiU’d by the; fact that for a 
rigid molc'cide there are at most thrc'c; inoinetils of inertia. Xleiioe 


]*'. IliilvorHdii. ‘"I’lin Pso cjf I >«>iiU'r'Mi]]i in 1li<‘ Aiiiitvsis ctf Vihmlioiinl S]W!t?lni," 
Itfi'. JIfofi. 19, S7 (llttT). 

* '1'hci‘c is iinotiurr p r< K't'i 1 1 1 tH' ffii' ol)l)iiiiiMa 1>oiic] iiiii^los in Hinnll iimlc'- 

calcM fir uU>iiii<‘ 'I'lx' 4'<|uiit ions fi>r I lit* viliniliorinl rn‘<|iii‘MC‘ivs nf ii nioU'f'nlv 

soiueLiincs iiivolvo l-lu; ititiTiiltiinic iin^los t^Kplii'it.ly. If till Mic oilier ])uriiiiu^U'rs — 
incislly force conKluiils-'-iirc kiKiwn, I In* mimics c'liii he i>lilriiiuM) liy siih.slit.iil iii}' Lhc 
pi^ipi'r ohM^rvocI ninloi'iilur frt'tjnctK'it's in ihc (M|iiiitii>i]N mid .snlviiif' for l.lic Imiiil iin^lf^s. 
OrtliiiiiL'Lb'i lliis incMiod siiIFith in lu'i'iirtK'y mid rrliiihilily For nnc or mon* of t.ho 
ffsll-owitijf rf'-iisoiis: (1) llu‘ hoiid mi^lo i.s lii^lily sciisilivo lo Ninnll rrrorN in 

o1)!4crvc4l frcriiuMicy or in fori'C^ tsin.shiiils; ('-2) llio fn‘(|iit'ri<'y rij mil ions nri! ilrrivc'r] 
froui li ]>otcnliiil rmn'llon of imkiiiiwii vnliilil.y; (•)) forcTu-f'onsUiiiL vnluc's iiiiihL he 
assainod ur eiirrlud ovor from uLlior iiio1(r<‘iilos. 
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only three numerical values (at most) can be obtained Prom the 
moinents of inertia unless additional molecular species derived from 
isotopes are available. If the number of parameters of this sort is 
siifficicutj together with molecular symmetry i to determine the molcc:- 
ular geometry completely, then the molecular struct lire can be 
worked out completely by spectroscopic means, Xhia limitation 
means in practice that only the structures of molecules with relatively 
few atoms or high symmetry can be completely determined spectro- 
scopically. In. addition to the numerous <liatoinic molecules wliosje 
interatomic distances have been thus evaluated, carbon dioxide, 
water, ammonia, methane, hydrogen sulRdc, and a few other small 
molecules have been worked out by analysis of near and far infrared 
absorption spectra. Larger and less syrn metrical molecules are not, 
in general, amenable to tliis type of treatment. 

The results of many .spectroscopic .stiulLc.s on molecular structui’c 

are discussed in the monograph of Herzberg (General Reference 17.8), 

to which tlie reader is also referred for details on such related topics ns 

the determination of thermodynamic quantities from spectroscopic 
data. 

17,8. Astrophyalcal and Biological Applications of Infrared Spcc- 

troscopy^ The interpretation of the spectra of water, c.'arboii dioxide, 
ammonia, and methane mentioned in the ]irecrcding .section has made 
possible an interesting application of infrared H|>ectrosco]>y to tvstro- 
physLcs. In 103^, Adams and Dunham-® found absorption bands in 
the photographic infrared spcctnini of the ])lanet Venus .similar to 
those shown in Fig, 1.0b. These wei'e soon interpreted as very high 
overtones of the carbon dioxide infrared absorption bands and demon- 
strated that the atmo.sphere of Venus contains large iiiuouiit.s of this 

This work led. to similar studies of the atiiiosphci'cs cjf Llic oLher 
planets and resulted in the still more remarkable discovery that the 

attnospheres of Jupiter and Saturn contain cuonnous amounts of 
methane and ammonia. 

die early work on the planetary atmospheres was carried out in 
the photographic infrared because neither pliotcx'clls nor ritdiometriir 
devices were sufficiently .sensitive for the ineiisuronient of nstroiuiini- 
cally available intensities in the infrarc<l i*egioii. With the dtivmlop- 
iiient of the lead sulfide pliotoconductivc cell (§ 12.18), tliis liiiiiLaliim 
was removed and extension of all kinds of astrophy.sical .studies iHt(^ 

» V' Jr- A,/roH. Sur. 44, iI43 f lOiW). 

A. Atlel itncl li. M. Dennison. Phyj,. Rev., 43, 71(1 (lUiW). 
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the near infrared wo* begun. Kuipcr^® has examined planetary 
ntmosphcric speetra out to nearly 3 ^ and has eoulinned the exustenec 
of ammonia and methane on Jupiter and Saturn and on Titan, the 
largest satellite of Saturn. At.rco rd i iig to his studies, there is some- 
what less aininoiiin on Saturn than on Ju])itcr; and although both 
planets have large amounts of methane, the inethaiic absorption in 
tlic rings of Saturn is less than that in the planet itself. Stebbins 
and Whitford have .studied infrared radiation from the region of 
the center of our galaxy « and tlic .solar si)cetriim out to S.5 ^ is the 
subject of an extensive scries of inve.s ligations by a.stronoincrs of the 
Me M ath -T'T u I b nr t ( )b.ser va t o ry 

The appUeation of infrared absorption .spectra to the solution of 
biological and biochemical problems was rather late in comparisoii 
with the extensive use made l)y organic (liemusts, priinarily becrausc of 
instrumental diHiciiltic.s that siu<*c have largely been removed. For 

many bioeiicmical ])roblcms, infrared absoriiUoii s]3cctra offer aid that 
cannot be obtained by any other physical methods, particularly 
ultraviolet spectra. A wide variety of highly important biological 
substances — hormones, amino acricLs, carbohydrates, and saturated 
fatty .substances, to cite several (^lasses — t^xliibiL either little ultra- 
violet absorption at wn vclengl hs jiliove *2000 A or elst; show j)hsor[>tion 
clianictcristic only of a sinall clirotnophoric- group that <loes not enable 
tlic biochemist to iileiitify or anidy/.e For the remainder of llic molecnde. 
On the other hand, the infrared spcf'tra of these subslaiiccs, besides 
revealing the presence of specifii* groups, exhibit Feiitiires characteris- 
tic of the molecule as a whole. Pnr exunijile, infraref) examination of 
two cMimpounds llitiL difVer only in being geometric‘al isomer.s nciiiiy 
always makes possible n sharp distinction between them. 

The steroids may be cited as an example of the kind of biochemical 
siibstaiiee to which the ai>ovc remarks apply. 'Phis class of coiii- 
pOLiiicl.H, wliifHi iiiclmles nijitiy of the sex horniones, eorisLsls of a large 


satuniLod liydrtxrarbon ring system to which vjirioiis sule grou[)S are 
nttnehed. 'Flie ketoslcniids, for example, have a carbonyl side group. 
The cnrboiiyl group shows an iiMruviolel absorption, lo he .sure, but 


it is cluLi'tLclcristic of the absorption of keloiies in general. "I'lu 


presenee an<l location of other side groups do not. affect this absorp- 


“(J. P. Kiiipor, Jnur.. lOG, ‘i'll (ini*?). 

Jiicl SLel)l>iiJs 1111(1 A. K. Wliitfiinl. Antntpfn/Jt. ,/oifr.. lOG, (11)17); 

rrfewro/'jfi. 7, Nil (lf)W). 


" It, II. Mc'Miil.li iiiid O. (I. Mcililfr, NA'// uttri 7'rh‘srijpr, 7, ’[‘UJ 
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tion-j and therefore the ultraviolet region docs not afford a means, of 
distinguishing these various compounds^ the physiological properties 
of which may differ radically. On the other hand, the infrared spec- 
trum shows not only the chnracterLsbie carbonyl absorption as well ns 
that of any other side group but also shows features indicative of the 
location of the groups. 

The advantages of infrared for work witli steroids were appreciated 
by Furchgott and his associates^ as well as by Dobriiier and col- 
laborators* The latter, In a classical paper^ on the a[)piicabiork of 
infrared sx>cctL*oinetry to the fractionation of urinary Icctosteroids, 
not only studied crude mixtures of the ketosteroids but also analyzed 
spcctToscopically the products obtained by chromatographic frac- 
tionation of the mixtures. The ketosteroids were usually studied in 
carbon, disulfide solution, the technique normally requiring somewhere 
between 1 and 4 mg of steroid sample. Dobrincr and his coworkei's 
found that the various compounds that they were able to obtain in 
pure form had quite specific infrared spectra, in contrast to their 
ultraviolet absorption. The small samples were undamaged by 
infrared radiation and could be recovered quantitatively after SjiecLm 
had been obtained. When, they were dealing with mixtures contain- 
ing one or more substances of hitherto unknown comi>osibion and 
structure, the infrared spectra helped in two ways : in conccntriiling 
the mikiiowii material by chromatographic fractionation, infrared 
spectra were used to trace the unknown in the various fraerbions ; in 
elucidating the sbriicture of the unknown, the spectra indicrated the 
nature of side groups present. Dobriucr’s paper Furiiishcs an cxcrcl- 
lent summary of the way in which infrared can lie used in bio(4iciiiiciil 
problems, and the interested reader should also consult it for details of 
the technique used In the ketosteroid work. 
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CHXPTER 18 


Raman Spectroscopy 


When a ream of light passes thuoltoh a matbiiial. medium, 
some of the light Ls transmitted, some absorbed, tiiul sonic cliftiiscd or 


< i 


scattered/* The scattered portion is ordinarily very small und 
originates from several scattering processes. liven in a uiiicro- 
Kcopically nniform medium, microscopic inlioinogcneitics give rise to 
scattering, especially if their dimensions approximate the wavelength 
of the light. If the inhomogeneitics are raiuloinly distrihuUul par- 
ticles, ns For example in tobacco smoke, tlie scattering is eiilled 
Tyiulall scalier i}ig. If the in homogeneities are transitory llucLualions 
in the index of refraction of the medium that ari.se from local <lenisily 
fluctuations, the scattering is called llaylcigh scalier itig. X thirtl Ly|»‘ 
of light scattering, called the Raman effect after the Iiiilian pliysicdsl 
who discovered it in 1028,^ arises directly from viiriiiLions in I he 
index of refraction** of individual luoleculos.* 'riic.se viipiations, 
which are produced by molecular rotation and vil)raLion, are rela- 
tively slight, and the intensity of the light involvcil in the Rniiiaii 
effect is correspondingly low. 

18.1. The Raman Effect. When scattered inonochroina tic radia- 
tion is examined spectrographically, it is fonad to be no longer 
monochromatic but to consist of the origiiuil frK([iuMic:y ('ryiulaU and 
Rayleigh scattering) plus several new freniieucies (Rjiinan e (feel). 




The spectral location of the new Frecpienr'ies, together with either 
properties such as tlicir intensities and polarizations, are charaflprisLic 
of the scattering substance. From siu;h data it is possible to tiniw 
conclusions about the niiture of the substaiH-e, Ji possibility IhaL 
accounts for the wide usefulness of ilamaii speclrnscopy. 


' C. V. Ilaninn, fwrf. Jottr. PhysicM, 2, 387 (11)48). 

* 'I'hc '*inclex uf rofractidn" of a single iiioli'ciilo is iticjrti c‘(niiEtioii1y Hie 

vfo/reij/fip rt'/rtirtiFily. It is Elireclly rcliitecl to the niiflofiilMr iinliiri/iiiliilily cli.seiiHsisL 
laLcr {£ 18. 1(1). 
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For a particular scat taring material, a set of Haman rrcqucucics is 
associated with each frequency in the exciting radiation; that is, two 
different exciting wii>^elengths will give rise to two difUereiit sets of 
scattered. Frequencies. However, these two sets are not independent. 
If the scattered frequencies arc known for one exciting wavelength, the 
analogous frequencies fur anotliei* exciting wavelength can be cal- 
culated readily. The reason is that the number and luagnitudc of 
the frequency shifts introduced by tiie lliiinun elFec't in a iiartieular 
substaticc is the same irrespective of the frequency of the exciting 
radiation. This point is illustrated in Fig- 18.1, which shows schc- 
nintically the spectrum scattered l>y the simple molecule carbon 
disulfide when the exciting riuliation consists of the two mercury lines 


Mercury 

spectrum 

Mercury 
spectrum as 

scattered by 





5461 



i 



+ 796 





ZZ938cm ■ 

( Rayieigh line) 


IB3O0 cm'* 

(Rayleigh tine) 


FIf. 1ft. 1. Schematic diagram of the Ramaa spectrum of carbon disulphide 


at 18,808 an<i ^2''2,1)88 riw 


1 


These are I be wave niiiiiliers iif the 


green niul blue inert'ury lines al •'SKil niid 18o8 A, i’esp(*<‘i ivcly , 

It will be seen in I'ig. 18.1 I hut (lie of Ittiniaii lines is 

sAiuc for the two exeiling ri'e<|iieiieies. niiineric‘al viilties of Lhe 

shifts introduced by tlie llaniiiii effecl lire shown above the tirrows 


that ituliciilc the sbifls. 'Die niinil>crs arc obliiiiied liy taking the 
rifffereiice between llie absolute wave iiiiniln'r of eiu’li Rinuaiu line am I 
the wave iiuinber of the lucn'ury liiic^ (liat cxeiles it. 'Dins the 
figures +(t:30 and — (i.'Jd for the Iwn sliifls neai'csl the IIg-48:1H line 
were derived by siiIjI ra<'l ing c-in"' friiin *528, .'>£)! and the 

Iasi two niiniljcrs being (lie spee|rosi’<ini<‘«1ly nic'asnrecl wiiv^e iiiiinbers 


of the two ItainiiM lines. Ilc'c^aiist* tlK*: niiiuan sliifls clejiciid on fre- 
quency diiycreiices rather than absolute rre<|ueiieies, llie symbol Av 
lA often u.scil to dentjle their nnigtiiliide in wtivt* initnliers. 
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As is apparent from Fig. 18.1, Raman sUiFta occur ayminetricnlly 
above and below tlie exciting frequency, Tliose that occur above 
are called atUi^Stokeit linen (denoted by A in the figure) to disLhigiiish 
them from the lines on the low-Freqneiicy side, which are called 
Stolces luieti (denoted by S). The terminology arose from an okl rule, 
Stokes’ law of fluorescence, which holds that scattered riuUatioii never 
has a higher Frequency than the exciting radiation. Anti-Slukcs lines 
are nearly always ixiiich weaker than Stokes lines. Although they 
are of theoi'etical interest, they are of little ]) metical importance, since 
Raman spectra are Liniversally studied by means of the more intense 
Stokes lines. 

In addition to the shift in frequency, there are several other ways 
in which Raman scattering differs From the other type.4. Tyndall 
and Rayleigh scattering are coherent; that is, them Is a definite phase 
relationship bctivceii the incident and the .scattered light, whereas 
Rnmaii scattering is incoherent, with only random [)hiisc rehitioiiship. 
Raman lines frequently show marked depolarization, whereas the 
accompanying Rayleigh line is highly polarized. The intensity of 
Raman lines in liquids is from one-hundredth to one one- thousandth 
that of the Rayleigh line, and in vapors the ratio may he ns small 
1 In 10,000. Ill a clear crystalline solid, on the other hand, the 
intensity of Ihtman scattering may ap[)r()ach that oF the Rayleigh 
type, because the latter is esiiecially weak. 

18.2. Technique of the Raman Effect. Rccaiisc the Raiiiaiii cfTccl 

is so feeble, a special though simple optical tecliiiique is rc^tiuired to 
detect and study it. The technique is hased on that usimI by R. W. 
Wood* for the invc.stigabion of fluorescence. The basic re<(uircine!it 
is an intense source oF monochromatic radiation, '^t'hus light, source 
in Fig. 18.2 send.s its radiation in the direc^tion of the arrow f into the 
transparent lube T (sometimes culled a Wood’s tube)* One cn<l of 
the tube has an optically flat window \V and the other end is drawn 
into the horn-shaped form indicated in the figure. The liorn // is 
blackened to trap stray reflected radiation. Radiation c'literiiig the 
tube is scattered in all directions by the licpiid or gas contaiiiecl therein, 
but only that part scatteretl along the dii'c'ction 11 (per pend iciilur to /) 
is studiccl spectroscopically. The symbol S stands for tUe spcclro- 
grnph. 

Looking into the tube T from the spectrograph, t>nc vie>v.s the light 


=« IL XV. Wood, .Vo/wpp, 122, 340 (lO^eK); PhiL Mtuj,, C, T'in fllWH) 
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scattered by n long eolnmn of maberitil against Llie black background 
of the horn H. No direct or reflected radiation slioidd be seen, but 
only Hayleigh and Ilaman scattering. The long column serves to 
increase tlic total intensity of scattering along the direcLioti iS, and 
the right angle between 7 and R minimizes dii*cct and reflected 
radiation. 

18.3. Sources for Excitation of the Raman Efiect. The Raman 
elTect would he eiusier to work with if an intense .source of sharply 
monochromatic radiation of, say, £1000 A wavelength wcto available. 
Since there i.s none, existing sources must be adapted to do the job. 
An intense source oF some kind of line spectrum, ii-suiilly the mercury- 
vapor arc, is the starting point. Other vapor arcs, both inetallic and 
nonmetallic, have been employed, as for example the helium dischnrge 
tube, but the mercury .s]>cohrinn has jirovcd the most generally useful. 
Mercury arcs of various kimls arc discussed in detail in Chapter 8. 



Fig. 18 , 2 . Optical arrangement for the study of the Eaman effect. 

Many of these*, iii<?ludiiig several inexpensive commercial types, are 
suitable for Ram an work, the choice of a particular arc being dictated 
by the substances to be studied, the spectrograph to be employed, atul 
related considerations.® 

One of the great advantages of the mercury spccLrum is the number 
of fairly widely sepa rated intense lines, which are located at 2537, 
3C50, 4047, 4358, 5401, aiul 5770-5700 A. The selection of one 
of these as the source of excitation for the Raman spectrum of a 
particular iiiaterial is based on the properties of the material. The 
intensity of both Rayleigh and Raman scattering increases with the 
fourth power of the exciting frequency, so that the highest frequency 
(low ost wavelenglli) would always he chosen if other factors were ?iot 
involved. The inosl inqiortant factor is the absorption spectrum of 
the siihslaiiee. If the substance absorbs radiation of the frequency 


® 1>. II. Itiuik and ,1. S. \Ir('urlnoy, Jonr, «i>/. Nor. .Ijh., 38, *70 (1048). 
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in question, the scattered light will probably be fluorescent.* Even 
if fluorescence is missing, the scattered spectrum will be reabsorbed, 
and it will be difficult, if not impossible, to detect the Raman spec- 
trum. Most substances in thick layers (Fig. 18.2), particularly 
organic compounds, absorb ultraviolet radiation of 2537 A, and 
therefore the use of this line is confined to relatively rare instances 
when the scattering substance is quite transparent to 2537 A and 
the requirement of an all-quartz system can be met. 

The most commonly used lines are the blue 4358 line, the violet 
4047 line, and the green 5461 line, in that order. The 4358 line com- 
bines the advantages of high transmissibility through many materials, 
high photographic activity, and good exciting power. In addition, 
most glass-prism spectrographs have high dispersion and resolving 
power in the blue region. The mercury spectrum contains no lines of 
appreciable intensity between 4358 and 4916 A, which gives an open 
region of 2600 cm““^ for the Stokes lines from X 4358. The violet line 
can be used for excitation of Raman shifts greater than 2000 cm“"^ if 
the scattering substance permits, because these shifts will appear in 
the same open region (4358 to 4916 A). The 5461 line is used only 
with substances whose absorption of blue light is too strong to permit 
the use of 4358. 

The mercury arc, like any other source found thus far, still falls 
short of the ideal in two important ways : (a) the spectral lines in 
the source are often so close together (for example, the mercury lines 
at 4047 and 4358 A) that Raman shifts excited by one line may over- 
lap, and hence be concealed by, another line or by Raman shifts from 
another line ; (b) there is continuous as well as monochromatic 

radiation in the source. If the continuous ra<liation, generally 
termed background, has even 0.1 per cent of the intensity of the 
exciting line, the Rayleigh scattering of the background may mask 
or interfere seriously with the detection of the Raman lines. These 
two shortcomings are mitigated considerably by the use of radiation 
filters- 

18.4. Filters for the Raman Effect. Most of the oi)tieal filters 
iise<l in Raman work are designed to isolate the above-mentioned 
mercury lines. Since the interested reader can find <letailod iic- 


* The lesser usefulness of fluorescence (see § 11. IS), wliich is a f>hcnoim‘non clo.scly 
reliite<l to the Raman effect, is the result of its iisimlly dilfuse, (tontinuous Hi>C(*truui, 
from wliicfli detailed conclusions are hard to <lraw. 'Phe Raman si>ectruin, wlii<*h is 
<Iiscr<^tc an<l sharp-lined, gives more information. 
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counts* of filters for this purpose in the literature. Table 18.1 lists only 
a few of the more commonly used line-filter combinations. 


TABLK 18.1 

Mesrcury-Lhstk FiliTeus for the Raman Effect 

Hg -2537: This line is ordinarily used without preliminary filtering, espe- 
cially since it is possilile to excite it preferentially in a ‘‘resonance lamp.” 
However, the procedure of filling the spectrograph case with mercury vapor 
is sometimes followed (the vapor pressure of mercury at room temperature 
is sufiiciently high), which sharply absorbs the Rayleigh-scattered 2537 line. 
By this device, Raman shif ts of only a few wave numbers can be detected; 
this detection would be impossible if the Rayleigh line were of its usual 
intensity. 

Hg-S650 : The nickel-oxide glass filter (for example. Corning No. 5874) first 
devised by Wood, isolates this Hue reasonably well. 

Hg-4047 : Corning Noviol O glass (No. 3060) or a dilute solution of sodium 
nitrite will readily remove Hg-3G50. To eliminate longer wavelengths 
than 4047, a solution of iodine in carbon tetrachloride is suitable. 

Hg-4358: Wavelengths below 4358 are absorbed quite satisfactorily by sat- 
urated aqueous sodium nitrite solution. Praseodymium salts (such as the 
chloride) are excellent for cloiiniiig up background from 4400 to 4800 A, and 
a rhodamine dye (<iuPont Khodamiuo 5GDN Extra) is good from 4600 to 
5400. 

Hg-5461 : Wavelengths below 5461 are removed by basic potassium chromate 
solution, and those above by eupricr sulfate solution. Tlie 5770-5790 yellow 
doublet falls in tlie sauu^ region with 1000 cin"*^ Stokes sliif ts from 5461. It 
is difficult to remove the yellow lines completely, but a filter of saturated 
ueodymiiun ehlorid<' can r<‘duc?e tluur intensity so greatly that Raman lines 
in their immediate m^ighborliood can be imcovenHl. 

Hg-5770--5790 : The y<'llow douhhd. is rarely used hu t may be called for if the 
scattering sul>stan<r<'‘ al)sorl>s green light too strongly, or if it is necessary 
to resolve som<' ambiguity in a sp<H*trum excited by Hg-5461. For this 
purpose a dilute waU‘r sohilioii of Llu^ dye cyanosine or certain of its 
derivatives can he us('-<l to absorb irg-54()l. 


Most of the filters listed in Table 18.1 are solutions, the use of 
which requires speeinl eonlitiiiers. (lljiss and t)l**'Stic filters of equally 
good spectral ehariieltu'isl i<\s (!ould doubtless l)e used, but they are 
not so readily obtuiiu^cl or iuhiphible. 

18.5. Arrangement of the Excitation Unit. To increase the 
intensity of illumiiiiit ion, it is (‘ustoimuy to use more than one mercury 
arc, the number varying from 2 to jis nuuiy Jis 12. In addition, the 
radiation incident upon lh(‘ scattiu'ing sul)stfLnee is further enhanced 

* 1C. \V . l'\ <i(MKM‘iiI Ih'ftM’tMUM'! IS. <5, page 31. 
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by some kind of collimating device, such as a cylindrical mirror placed 
on the opposite side of the arc from the scattering tube, or a cylindrical 
lens between the arc and the tube. Wood® ingeniously combined the 
latter with a filter by using a cylindrical tube filled with sodium 
nitrite solution as the lens. 

When a large number of arcs and filter holders are used, it is found 
convenient in general to mount the arcs, filter holders, and scattering 
tube with their axes vertical. This change in direction requires a 
plane mirror between the tube and the spectrograph, to deflect the 
scattered light at an angle of 90 deg. The heat generated by the arcs 
is always considerable, and both air and water cooling of the excitation 
unit are usually necessary. Sometimes a filter solution may be 
circulated as a refrigerant to keep the number of media between the 
source and scattering tube to a minimum. An excitation unit with 
six General Electric type H-2 mercury arcs and elliptical reflectors 
for each is shown in Fig. 18.3. 

18.6. Thfe Scattering Tube. The size of the Wood’s tube (T in 
Fig. 18.2) depends on the size of the arcs used, the relative scarcity 
of the scattering material, whether gases or liqiii<ls are being studied, 
and other factors. For liquids the tube commonly has a volume of 
10 to 100 cc. Volumes less than 10 cc can he used, but the quality 
of the spectrum suffers when the volume drops below 1 cc. Many 
substances require only a little preliminary al teiition l)ofore introduc- 
tion into the tube; for these, it is convenient to have a grotind-glass 
stoppered tube. Other materials, however, may need s|)ecial treat- 
ment to remove suspended matter, fluorescent ini}>uriiies, and the 
like, for which direct distillation into tlie tube is rt^quired and perhaps 
sealing of the tube under nitrogen or other inert gas. Hence every 
laboratory working extensively with tlie Raina.n effect uses many 
<lifferent sizes and kinds of tubes. 

S[)ec?ial techniques are required if the substa,n(‘e is to bo studied at 
l<’‘inperatures or pressures markedly dilferent from 20°(’ and 1 atmos- 
pIiiM-e.^^' ^ When the substance cannot be examined in any other form 
liiaii tliat of a crystalline powder, the techni<pie <lescril)e(l above is 
also iiia<le<(uate. Even thougli these different conditions of tempera- 
liir<\ pr<\ssurc, and state of aggregation are not nncronimonly <^n- 


18.7, page 448. 

for r\iiriipl<^ ( 1 . li. H. M. Riitherlancl et al., Pror, Hoy. Sor. (rA>n<Ion), 176 , 
rs 1. ( ii)j.o). 

\\ \’. Houston ;ui(i <\ M. l^ewis, Proc. Naf. Ara(f. Sri., 17, (1081). 




Fig. 18.3. Excitation unit for the Raman effect. The blackened 
on the Wood’s tube may be seen at tiie top, and the glass cy in eis c 
Biter solutions and refrigerant in the center. The base of the e«t>re umt fits an 
optical bench, from which it can be removed and later replaced without distur g 


the alignment. 
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countered, the techniques thus far developed to cofic with them ai’c 
not entirely adequate, and they add much difficulty to the study of the 
Hamnn effect. As it happens, they can sometimes be avoided by 
putting' the substance into solution. Solutions may L>c studied readily 
by the R.nninn efTcct if they can be “cleaned up,“ that is, made op- 
tically clear, and if suificient conccnlration (volume fraction of solute 
larger than 0.01) can be obtained in a suitable solvent. Fovtunalcly, 
water is a good solvent because its llaylcigh and Hainan scattering 
of radiation above 4000 A are very weak. The use of solution .spectra 
is contingent upon some kind of assurance that action of the solvent 
on the solute may be disi’cgardcd ; conversely, solution spectra may 
furnish infoTinatloii about the interaction of solute and solvent 
{§§ 11.13 and 14.3). 

18.7. Spectrographs for the Raman ££fect. A research worker 
who wishes to undertake tlie study of Raman spectra can adapt an 
existing spectrograph that may not have been designed specifically 
for Raman work; he can purohasc a coininert^ial .spectrograph de- 
signed especially For Raman work; or he can construct his own iust ru- 
nic nt. The first of these three choices is the most desirable if lie 
happens to 'work in it laboratory already equijiped with a good prism 
instrument. The chief rcqiiireiTieiit.s arc high .speed, modenttc re- 
solving i>owcr, and fair dLH])er.sion. A camera Icn.s of //lO or faster is 
virtually cssentiul, but lenses whose numerical apertui*cs are faster 
than //4.5 geuerally have focal lengths, and hence linear <lispersioris, 
which ai'c inconv^eiiieiitly small. Witli the coarse-grained higli-s|K>cd 
cmulsioiiK on which lianiiiii spectra are most often photographed, a 
linear dispersion smaller than 0.03 mm to the angstrom I'esnlLs in a 
serious loss of resolving power. A siiigle-prisin instrument usually 
does not have suflicLent clis]>ei>iion, but niullijilic^titioii of the ninnlH^r 
of prism.s in troth u^es light losses by refletrlion, absorption, and scratLcr- 
ing that inuv seriously re<hi<?e the speed. Ftirtuimlely, Llie resoLiiliou 
clcmantlefl in Riiuiiiii spec* t cost ?opy is ordinarily iu>t high — a resolving 
power oF 5000 itt. -1.^00 A is su flic sent for most purpo.ses — because of 
the largo nivLural bread Lb of Raman lines. 

Among the conini('r(‘ial glass-prism spectrographs which have been 
successfully used for Ibiinan work but which were not specially de- 
sigiietl therefor, are the Sleiiiheil Lliree-prisin iiislriinieiiU I be Zeiss 
I lm?e-]H'LS]ii c(»nsl.anL-cleviaLion inslniinenl. sliowii in i'^'ig. 3.K (bt>ih oF 
I hose have iiH»re lliaii one cainern., and can lliercfore be used at difVer- 



nAM\N SPISGTROSGOPY 


Sia.73 



cnt diapersionfi), the Hilger 1^-404 ainglc-prism medium glass speebro- 
grapli, and the Bauseh & IjOmb equivalent of this (Chaptei- 3). 

The longer focal-length spectrographs ate generally too slow. The 
liittrow mount is also considered disadvantagcoiis for Batnan work 
because of the relatively large amount of stray reflected light. For 
study of the Hainan effect in the ultraviolet with Hg-SSS? excitation, 
the Hilg er medium quartz instrument (Model E-408 or any of its 
predecessors, such ns lS-315) is satisfactory. 

Some of the instruments mentioned above are no longer manufne- 
Uircd, mid even if they were* their purchase for the study of Hainan 
spectra, would be a questionable procedure in view of the availability 
of commercial S]>eetrographs designed for Hainan work. Among 
these latter may be mentioned the Hilger E-5 18 single- prism //4 and 
14-0 IS- two-pri>sna //1.5 instruments, and the Lane-Wells No. 40A 
three-prism siiectrograplu* The latter use.s a spherical mirror in the 
earn era, the .spherical aberration being corrected by a glass element 
of the Schmidt type. The effective aperture is f/S, a good compro- 
mise between speed and linear dispersion for the prism train wiiicli 
is used. 

Until a few years ago, the use of grating spectrographs for tlie 
Haman effect was imjiractical because of the loss that accompanies the 
dispersion of the light into the various orders. With the develop- 
ment by Wood of the technique of ruling echelette gratings for short 
wavelengths, however, the use of the grating Ims become a decided 
advantage. A 15,000-liuc-per-inch grating that puts 76 per cent of 
the l>U.ic light inendent upon it into a single first order is much more 
conservative of light than a privsm train of the same aperture and 
comparable resolving power. At least a half dozen grating Lnstru- 
incnts liave been used in the United States for Haman work, of which 
two will be described briefly. 

Figure 18.4 sliow.s tlic optical arrangement of a plane-grating 
Human speetrogra])h at the Johns I-Iopkiiis University, designed and 
built by Lord and Miller. “I An off-axis parabolic mirror C (0 in. 


* Tlic I,tktic-Wc1ls C'oinpiiny, 717 Nortli Lake Avcnii*i, Pnanden* 10, Calif. 

* It. C’. Jr., iiml K. A. Miller, Joitr. Chem. Pkp**-, 10, (1042). 

t HiiK inHLniniknt wna in Llie Pli.t). tlisaerlution of P. A. Miller (April, 

19-41) uiiel II published ilo.scripluiii of nn infilrnnicnl built willi the liclp^tif tliia dis- 
sertRlion Inis Lkmmi Kivcii by Staniin.'’ I’he render may consult Stamui’s paiicr for 
details of <lcKi^ii, eonKlriietioii. itnd pcrformRiicc. 

* H. P. Siarniii, /«d. dhem.. Anal. 17, 318 (104fi) 
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diameter, 4 in. off axis) is the collimator. Light enters at the slit £1 
is deflected throagh almost 90 deg by the mirror M astride tlie 
collimator axis and Falls on the collimator. Since the slit is in 
effect at the focus of the collimator, light reflected from the col- 
limator is rendered parallel ajid proceeds to the ])lane grating G. The 

■ 

rectangular ruled surface of G (OJ X 4i in.) docs not cover the eutu'e 
grating blank, 'which means that the part of the grating blank near M 
has to protrude out over the axis A if the piirallel beam from C is to 
cover the ruled surface. By means of the mirror M, the sUt can be' 
located at the point S instead of at the point At and vignetting of the 
incoming beam by the grating blank can be avoided. The diflVactcd 



Fig. J8.4, Optical arrangement of a plane-grating Raman spectrograph. 


beam from the grating enters the (^aiuora lens L Jind is brought U» ii 
Focus at the photographic plate A llninan speclriiin excited by 

H g-5 461 and ph<»togra plied with a. camera lens of 27 in. focal length, 
f/SAt in 45 min, is shown in Fig. IK.5. 

The iidvanlngeous features of su(;h a specdrogriipli as coin]}iirod 
with a prism Lii-slriiitieiit are it.s high resolving power and ungiiliir 
dispersion, coupled with high s])eed and freedom from stray light, 
'file latter characLeristlc is especially good, because the only sources 
of stray light up to the lip.st element oF the cainei'a lens are the three 
reflecting surfaces J/, C and (/, whereas the stray light a-ssoeiated wil.li 


Ia^ii.scs of llic Pctx-viil Ly|ic fluKi^iittrl esp^ruilly for llii.s iii.striiiiuniL and having rdriil 
ItMi^tlis lit' 18 rikL iST ill. can hi; pnrt’liused friini ilir I’oi'kin-Klintn' ( 'iirjH^rnLioii, (ilni- 
Itnicik. C'oiin, With Icnsc.s, rcnpccLivc ciis|i(M'.sioiis of ().()!i£7 iiiid 0.040 mni l<i 

tliu nii>{slroin nro obliiiiicd. 
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the various kinds of scattering from prisms iniiy be considerable in a 
multiple-prism system. The use of llie olY-aKis collimating mirror 
avoids such troubles as spherical and chromatic aberration. The 
reasons for the ]ilane grating are two : a concave grating has a deRnitc 
curvaUii^e, whicli fixes the focal length and hence the speed and 
dispersion of the instrument. Moreover, a special mounting of a 
concave grating is rertuired to give a stigmatic spectrum, and with 
this mounting the spectrum can not be scanned for photoelectric 
detection by simple rotation of the grating. 

The adaptation of the instriiinciit shown in l^ig< 18.4 to photoelec- 
tric Tncasurcinciit of spectra (Chapter 12) can be accomplished in two 
ways. If scanning of the s])cctriiin by motion of the exit slit and 
pliotoinultiplicr atrross the spectrum in the focal plane is desired, 
np]>aratLis for the purpose can be installed in the place occupied by 
tlic platclioldcr. If one iircFcrs to scan by rotation of the grating, the 



Fig. 18.5. Raman spectrum of cyclooctatetraene taken with a plane-grating 
spectfogroph. .ScNi(.U*riiig viihiuu;, 1 cc; exciUiiion unit fis in 18.S, pliolo- 

Hraplicrl on Kn.sLiiuiii lOSlI eniiilsitm in min. 


.spectrograph cati be eliaiigcrl very readily to an autocollimntiiig 
arriitigciiioiit. Tlie off-axis mirror acts botli as collimating and ns 
focusing mirror, and the mirror J/ i.s split horizontally so that one half 
can re* fleet the heani from the entrance slit to the collimator and tlic*^ 
other half viiu rcecive tlie (ton verging beam fi*oni the collimator and 
reflect it to the exit slit. 

The luluptiition of a Wiiflswortli-nioniited con cave-grii. ting spectro- 
gra])li to llaiuaii work has liecii described by Rank and cro workers.*® 
*nie <rrn leave gritting ii.setl litid a l.'i-ft radiius and was so ruled a.s to 
coiie;cntriiLe 40 [>er cent cjF tlie incitleiit blue light into one of tlie 
.scc;ritKl orders, '^riic VViidswortli mirror was 10 in. in apcrtiu'c nud 
worked at approxiitmlcly f/\i). The linear dispei-sioii of Lliis instriL- 
mciit was so I urge (about ().2:) mm to the angstrom) that very wide 
slits (0.0 nun) ctudd he useil wilhout iiii]>iiirnieiit of its iiscfiiliiCRs for 
the llHiiiaii cfh'rl. In eou.sci[iie!icc, it was well .suited for photo- 

I I 

** l>. M. Hunk iiiul H. V. Wiogiiinl, Jour. Ojil. Soc. Am,, 3C, 3if5 (104(3). ant] earlier 

rofcrrrie^ps c‘ilc‘«l. 
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electric detection, for wliicli purpose total light flux ratlier than flux 
incident on unit area is. the desideratum. 

Scanning of the spectrum with the Wadsworth moimling requires 
motion of the exit slit, no matter what scanning iirraiigoincnl is used. 
Ill tlie Rank instrument, the speebrum was scanned by r<ibatloii of the 
grating. To compcn.sate for the change in focal length with grating 
orientation, the exit slit was moved synchronously along a fixed line 
drawn from the center of the slit to the center of the grating. The 
detecting element, which had to be moved along with the exit slit, 
consisted of a pliotoinultiplier tube (RCA 1P21) refrigerated by 
“dry ice.” The output of the detector was amplilied further and fed 
to a photographically recording galvanometer. A sample record 
obtained with this instrument is shown in Fig. 18.0. 

18 . 8 . Measurement of Intensity and Polarization of Raman Lines. 
Until the pioneer work of Rank^® pointed the way to photoelcetrur 
determination of intensities in Raman S]icetra, the photograpiiic 
method of intensity measurement hod been univGr.sal. The u.sual 
difflcultics of photographic photometry (Chapter 13) arc aeecntLinlcd 
in Raman work by the low intensity level, tlic high backgi'ouncl itsso- 
ciated with TLiylcigli aeatlering of the continuum, and the witle range 
of bruulth and sharpness among Raman lines. The fact that i*chi- 
tivcl^'' coarse-grained cmulsioiiH such as Eastman types X. and 103 
(sec Chapter 7) arc used because of their spee<) mlds to the difliriilLy. 

As a result, the practice has been to avoid qiiaiilitativo determina- 
tion of intensities in Raman spectra whenever possible. A common 
method is to estimate by eye the photogi'ai>hic density of the variotis 
Riumiii line.s, ami to report these esti mated values on .some arbitrary 
approximate scale, such as one of 0 to 10. 'L'lie inadeciuacy of sinrh ii 
procedure is apparent to anyone familiar with the vagaries of the eye 
and the photcsgraphic pliite. Tt sliow.s ui> strongly in the liLerature 
of the Raman effect, in which eoiitriidi(;tory intensity results froiii 
tlifVerent observers abound. In view of the greater use Pul ness of 
Ra.iiian spectra when quantitative intensity ineusuremenls arc avail- 
able, iniieh wider application of pliotoclcetric detection seems 
inevitable. 

When reliii-ble quantitative intensities are alxsoliitely necessary, the 
procedures outlined in Chapters 12 and 13 are followed. One in- 
stancre in which such data arc es.scntial is blie quantitative cheinienl 
analysts of lif]iii<! mixtures, to which further attention is paid below. 
Another is the determination of the state of polarization of the 
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iu<lividiial Hainan lines, which is a pro|>crty of basic sigiiiCicaiicc. If 
a polarizing device such as a Nicol prism or a piece of Polaroid sheet 
is placed at the point H in the beam of sciittcrcci light in Fig. IS.S, the 
Hainan lines observed spcctro.sco]>ic!idly arc round to change in inten- 


Wave Number Shift ( Au cm"') 


1600 1400 1200 lOOO 800 600 400 200 
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18.6. Pliotoclcclrica My recorded Rainnn spectra oi several hydrocarbotiB. 

(< 'iiiirtesy J’rci-f. 1). II. lliuilx). 


sLly, not only with rc.spccL to llu* llayloigli st'uLtcping but also with 
TOS]jPct to C'lK'li oilier. Ill other words, I he Riirnaii lines arc, to a 

grenler or !t‘.sscr cxlciil. jiolarizcd. 

'Phe stale of polarizitlioii of a Itainaii line is dcHcribcd iti a precise 
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fashion by its depolarization factor. This factor is tlie ratio of the 
intensities of the line ineaaured when the polnri/.ing dev ice is oriented 
so that its polarising direction is respectively in the plane of Pig, 18.2 
and perpendicular to that plane but is in both instances perpend Lcular 
to a. These two intensities arc conventionally* called and /n* 
from which the dchnition of the depolarization factor, p, is 



(18,1) 


When the incident radiation is nalnraU or iinpolarized, light, the 
depolarization factor (then called p„) takes on values From 0 to ^ for 
Rayleigli scattering and from 0 to f for Itaman lines. Ilowcver, Ray- 
leigh scattering usually lias p,, very close to zero, that is, strongly 
]90 lari zed, whereas no such generalization can be mafic concerning 
Raman lines. For the latter, the exact value of p„ is ^ when the line 
originates from a non totally symmetrical molecular vibration and is 
Joss than (frequcrLtly approaching zero) when the molecular vibra- 
tion is totally symmetrical (compare § 11.5 and Fig. 11.8). 

The fitcL that the polarization of a Rtunan line is related to the 
.synnncti*y of the inoleciilar vibration from which the line originatc.s 
is of foremost iiii] 9 ortiiuce in the interpretation of Raman sjicctra. £ti 
the elucidation of inoleciilar structure from lluiTiiin and infrared 
spectra, the number of lines For which p„ cciinils ami the iitimber for 
which pn Is loss than ^ is the biusis on which many ]>ossible s true turns 
may l>e cliniinuted from conshlcratioii, and is soiTielimes definitive for 
I he correct structure. LlnFortiiiiutely, the deteriniiuiLion of dc- 
poliLrizalion factors is beset with cxperimeiiLid fliflieiilties. \I()sL of 
1 he trouble is associatcf] with the fact that the ineideiiL radiulion has 


to be sharply direcLional. This re<iiiireinent essenliidly restricts the 
excitation unit to a maxim ii in of two arcs, ami in addition iiecressitaie.s 


the use of bti files bet’weeii the are.s and the scat Leri ng tube. The inser- 
tion of the Nicol prism or either analyzing flevic;e further reduces the 
iiilensity, so that ex[M)sui‘e limes are increased by a factor of 10 <ir 
more over tho.se in which polarization measurements are not made. 
Til many inelhods, tlu‘ perpendicular ami parallel compone-iiLs are 

].)li(>togi'Ei[>hed .successively rather than siniiillatieoiisly , whicli of 


* 'I'lit! is bii-sud <>ti lilt; pliiiit' of the; (■l(M‘tric.' vt;cl<ir of ihc iiicficKMiL 

riitluT lliiin the Si>iiit*linu!s I± uiul /|| art' fiilltHl /.s mal /r, **r 

fa mitJ rt*.H|>wlivt;ly, from llic first lelli.'t's of wtilcrrrht ((loriniiii ftip “jiorfHMulifii- 
lar") iiiitl ''iMinillc'l."’ 
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course introduces another factor of 2, Detailed discussion of the 
techniques and precautions used in polarization mciisurcmeTits by 
photogi'nphic means may be found in several places-^’ 

The photoelectric mcnsureincnt of dciiolnrization factors o^ers 
great promise with respect both to speed and to accuracy. The chief 
limitation is the noise level of the detecting and amplifying system, 
wliicli sets the lower limit of detectability. A consequence is that 
lunny weak lines cannot be detected at all under the special conditions 
of excitation required for polarization work. However, the photo- 
electric method is still new, and further reduction of the noise level 
(for example, by refrigeration of the detector to still lower tempera- 
tures} may be possible. The render is referred to the papers of Rank 
And coworkers^^' for the details of the photoelectric measurement of 
depolarization Factors. 

18.9. Applications of the Raman Effect. It has been mentioned 
earlier that the Raman effect ari.scs from molecular vibration and 
rotation. Conversely, the interpretation of Raman spectra leads to 
mformntion about the vibrational and rotational energy lev^cls of 
molecules.. Since we saw in Chapters 11 and 17 that infrared absorp- 
tion spectra also arise from the vibrational and rotational energy 
levels, we note that infrared spectra and Haman spectra give Ike same 
liind of tnolecidar information. Ilowcver, because the techniques of 
the two differ greatly, it is sometimes advautageou.s to u.se tlie one 
ratlicr than the other in attacking a particular problem. The choice 
IS CSSCI1 tiiilly one l>ase«l on the convenience or applicability of the 
teehniques, however, iiiul not on the type of iiifori nation to be oI>- 
tainccl. Some of the factors on wliich one tiuiy Imse the decision as 
to whether infrared or Raman spectra, or l)oth, should be iiseil to 
solve II given problcin are the following: 


1, ICquipmcnl. If a laboratory is already ec|iiip])ed with lUi infrared 
speotroiiicicr, clearly infrared spectroscopy will be Llie selected Icch- 
niqim so Fur as l.be ecjuijnneni factor is concerned, and conversely if 
lliLniiin cquipinont is available. If neither is available but an 
ndnptnblc si>eetrogra])li is at hand (sec § it is relatively e*usy 

to set up Rnniaii ec[iiipineiit. In the event that new ef(iupiueiiL inns I 


** J. C.'iil)iiniiort Jind A. JtoasHcL, Atm. tic (10) 19, ii’il) (IDOS); Ann. 

19 , ( 1000 ). 

A. ^V. PeiLz. ZcitHrfiF. f. phtffdk. B33, OOK (1000). 

*• .A. .1- I’. S0i‘<*iiMeii, mid J. H. Jour. (^hem. !*hffx.. 2, 10*2 (lOOl). 

'• :M. R, Feiiske, l>. II. Kunk. t’f «/-, fnd. kUoj. Aiutl. rd., 19, 700 (1047). 
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be purchased or constructed, the decision as to which kind to purcluisc 
or construct will be hosed on other factors, 

ft, iS/o/c of offffreyati'Oii of tnalerial to be Htiulied. Since infrared 
spectra of gases arc tnucli easier to obtain than Rarnun spectra of 
gases, the former technique is strongly to be preferred for such tasks 
ns quantitative chemical iinalysis in the va]>or state. Liquids are 
about equally well studied in both, whereas the s]}cctra of most solids 
are not readily obtained Lu either, with the preference in favor of the 
Ltifreu’cd. It should be mentioned that one kind of molecule, the 
symmetric diatomic molecule like Ha or Na, does not absorb infrared 
radiabloii. The Raman spectra of several such gases have been 
studied for various purposes, os for the determination of the ratio 
of ortholiydi'ogen to parahydrogen in mixtures of the two, but the 
technique is not easy. 

3. S€}liilione. Because the intensity of Raman scattering by a 
solute is approximately proportional to its volume per cent, the 
Ibtinaii clfcct of dilute solutions ist hard to obtain (compare § 18.1). 
Study of the infrared ahsoqitioii of a solute in <liliite solution, on the 
other hand, is scarcely 11101*0 dif&cult than that of a pure liipiid, pro- 
vided solvents are availiible whose own infrared absorplioii docs not 
obscure the spectrum of the solute. One advantage of the .Rama 11 
ell'cct 13 that w'uter is 11 gootl solvent to u.se because of its v'ery sinijile 
anel very weak spectrum. Water is black lo the iiifi‘are<l and is 
virtually out of the question as a solvent in whicdi to study infrared 

absorption. 

-t. C7olorc(l snt}jil€incea. Any material that ab.sorbs visible radiation 
of longt^r wavelengtli than 5000 A even weakly is a ptuir* prospect for 
Ihc; Raman ettect, whereas color is of no hindrance to the infrared 
siK’ctroscopist. furthermore, substances whiirli are decomposed or 
otherwise idtered cheiniciilly by the aedion of light, whicrh llnt>resce, or 
which eannot be in'epiired in an optically Iran.spareiit form had lietter 
he stiidLcii in the infrared, Sometiiiies the fliKjrc-sc*enee nf a inalerial 
can be suppressed siiflicienlly to enable study of the Raniiin elVecL 
by the addition of a c|iienehing agent .such as rillrohem'Ame or ioilide 
ion. Iiiit the spectra tlicii obtained are usually of liiforior (pmlity. 

5. JVdvelanglh range. Most infrared speetroineLcrs are li mi tec I by 
tlieir rock-sulL optics to wavelengths below 15 g, llial is, Lo wave 
iinmbcrs above aboiil 700 cin“‘. Many moletrnles, however, espe- 
cially large ones and those with heavy atoms, exhibit ii goodly friLelioti 
of their fiiiidainental vibrations in the range .'jO tty 700 cm ' ' (15 to 
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aOO t*). Since the lliiniiiii e(Twl is i<*Kiilnrty |>li<ili>Krii|> 1 ic<l over the 
ranac 0 to 4000 cm Hu- wiivclciiRl li liiniliitiim iiol iinply. To 

m ^ m flh 1'_l I' ■» - _■ 


loclaljlt^ frifciiu^in'y, bill this liitiil ciiii ni' piiHhcMl in vt^ry Inw wiIuoh by 

coinpLcmciitiiry filUM*s, if iUM*t*sHiiry. 

0 . OcerioneJt. A wfll-fshililislii'd cxpi'i'inif’iilal nil** oxi.sls Lhal; Hit* 
iiiton!>iLy of ovortoiu's iiml (’oiiiliiiiiil i*>ii Icjih's ri'lulivi* id iluil cif fiin- 
(lomcnlfilK in llu* iijuiiaii c‘(lc*(*l. in vt*ry siiiiill (tl.Ol tji* l(«.ss}, wliaroas 

in tlie infrjtrc<l tho niLio in iih)p*‘ lU'url.N' O. I . \ liis fliflc'rciico ^ivas Iho 

llRinnii effect ii iiilvjinl«Kt* rt»r tnaiiy purptwes. ]|. siiiijilifit's 

llio HiiiTiiiii spw-lriiiii iiiwl iiiJikcn ptJSsiliN' an c'asy tliiri'ri'iitittlicni be- 
Iwceii overtones timl riiinlaMH‘iilal.s. ll .suini'l inies pt'riiiils a reaily 
aiialylicnl <li.H<M'iiiiiiialioii la'lweeii Iwf* siilislii net's iti a inixUire where 
iiifmrwl inctlHitls fail bt'caiise llu* nvc'rlones uf t>nf suhslunec (roinrhlc 
with fiimlaiiicnLals of llu* oilier. 


1 B<L 0 . Determination of Molecular Structure, 'riic mnibiiicd 

use of iiifnii'cil aiul Itaiiiaii viliral ioiial spt’c'lni for llu* ilt'lt'i'tiiirialioii 
of the gcoiiieli'ical foiili^iiral ion of MH»li't'uli*s wa.s tlist'iissc'il briefly 
in §17.7. Iti’Ciuist* llu* Ht*U‘<‘lioii ruh's ofU'ii pt'niiil llu* ap|K'iiraiu!t' 
of ccrLiiln vihralional rrt*t[Ut*nri('s in llu* inrrart'fl spc't'l i-iitii alone or in 
llic Hainan spt'rlruni aloiii’ iiiul soiiii'liiiu'.s t'vi*n rt't|nirt* I lie* two 
spectra U) be innliially i'X<*liisivt’. il is iu'iM'.s.sary Iti Imvo bolli kiiuls of 
spectra to iiiakt' a Ihonni^'li slnicUiral fh'lt'riiiinat inn. 

was inilit'alt'tl in §§ 1 I anti 17.7, I In* srlt'clitm rules for Llu* 
Hainan elTerl as wt'll as for llu* iiifraivd jin* a coiisi'fiuf^iic'c* of tin* 
symmetry of Tiiolocnlar \'iln’al i*»iis. l*or llu* Kaniiin t'lb’fl, Ihis rcla- 
tioiislnp iipisfs fnaii llu* fat-l ilia I llu* ri'frarl ivil y of a inolffiilr usually 
changes, even llioiigb llu* t-liangt* is vory sliglil, \vlu*ii llu* rnolvciilt* 
vibrates. Tlie iiuilt'rular rt'Fracl ivlly is «lin*i-lly c'<iniu*<'lf‘i| with I ho 
lUolucillar polarixabilily . Ibal is, willi I lit* abilily ol llu* iiiolrcule lo 
he piihtviy.etl iiiuler llu* aclioii of an t'h'clric' lirhl siu’li as llu* allt*riiatiiig 
ficUL of a ligbl wavt*. llt'caiist* a |Hilari/.t*i| inolfriilt* is one in wliifh 
the fxinlor of lu'galivt* t*h*fl rii-al cliargt* has bft'ii (lisplitroil with rt*spr<*l 
to tlu* iviiUu' of posilivt* cliargf by I be t'lt'flrif fii*M, llu* biiulin^ of Hu* 
elccLi'oiis Lo tlu* posilivt'ly (‘liargt'tl aloniir iiiu'lt'i in llu* tnoli'riik* is 


tlie fuflor llial d(’l<‘rniin<*.s llu* polari/.ahilily. <’ 


‘<|iu*iilly, wilt’ll 


tlic biiuliiig (‘hangt's as a rt*sult of a i-liiinp* in llu* posilions of llu* 
nuclei rchiLive lt> oiu* anollu*r, llu* polarizaliilily may In* t*xpt*rlt*tl lo 

•c'liaiigc. 
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An examination of the influence of molecular vibration on the 
polar izabiLity shows that often the symmetry of a vibration prevents 
any change in polarizability arising from that vibration. For exam- 
ple, if the atoms move chiring a vibration so that their disj^laccinctits 
are an tisynx metric to a center of syinmetry, the ixolarizability change 
produced by each atom is annulled by the an tisy mine trie: displacement 
of the atom across the symmetry center from it, anti the net eflcc:t on 
the polarizability is zero. Such vibrations therefore tlo not give rise 
to lianinn lines. On the other hand, if the atoms move so os to 
preserve all the symmetry inherent in the geometrical form of the 
molecule at rest (a ttjtally symmetrical vibration : § 1 1 .5), the vibra- 
tion affects the polarizability and the vibration appears in the Raman 
effect with relatively high intensity and low dopolarizatloti fatitor. 
Any vibration in which the atoms move witli less than the total 
syiniiieti‘y of the molecule but still produce a change in the polarizabil- 
ity gives rise to a Ilatnaii line, usually of medium or low intensity and 
with a depolarization factor of 

The procedure given first in § 17.7 for the <lcterniination of molec- 
ular striLclnre from infnircd and llaman spectra is here rc]jcatcd : 


1. Observe botli spectra. 

S. Ahsuiuc a inohu:iilar juodel and predii'l the selection rules for 
both s] 3 ectra ; if possible, cstiniale the approximate spectral po.siLions 
of tlic frequcntiies. 

SJ. Compai't^ the observed spectra with the predictions of Llic inodol. 
4. A(TccpL or reject the model. 


'rhis procedure sometimes (‘iLiuiot be applied in strictly logical fashion 
because of practic:al difliciiltics such as indecision bcLwecn two 
models with similar selctrtion rules or the fiiihirc of cerlaiii frcciueiicics 
to appear in one sptu:Lriini or the oilier dcsjjile the iissenl of selection 
rules. Carton in siudi c*ascs, as lias been inenlioiicd earlier, the difli- 
culty may f»e resolvetl with the help of isotopii* derivatives. 

The* vast innjorily of studies of inolec^ular strut'lure by menus of 
the I lit limn eifeert have not followed the process on I lined above 
hcc:iuisc Llic symmetry of most nifilecules is too siiiiill and I lie uu tuber 
of viljratioiial degrees of freedom is too large. Wlien lillle .syiniiiclry 
is present, the select ion rules arc lax, and it is unlikely Lliiil n deflnUe 
eoncliisioii (ran he drawn iiboiiL the gcoiiietricul form of the iiiohM'ule. 
NoneLlndess it is often possible to reach I'oncliisions of vidue to the 
clictiiist by iiictlinds of itiialogy, 'Fhe procedures ai’e siniihir to llio.se 
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followed in the ai)plicatioii of infrared spectra to tJie same kind of 
problems. 

iVa we saw in Chapter 11. tlie vibrational frequencies in the spec- 
trum of a po^mtomic molecule can be divided roughly into tliose 
characteristic of the molecule as a whole ami those characteristic of 
small groups of iitotns wiblihi the molecule (compare Table 11.^). 
Since these hitter frequencies appear in the spectrum of any com- 
l>ound containing the groups, they serve as a means for ascertaining 
tlic presence of n imrticuliir group in a inoLcciile. The nature of the 
infonnation on whicli such structural conclusions are based is the 
same for the .Raman effect as for infrared absorption, namely, vibra- 
tional frequencies and intensities. Therefore the methods of drawing 
conclusions arc the same as those already discussed in § 17,7. We 
shall be content to cite several simple examples of the use of Raman 
s|M:ctra in qualitative structural studies, referring the reader to the 
general references on the Raman effect for further details and for 
aijccific references to the voluinlnoLLS literature on this kind of 
investigation. 


1. OricHialion of ffroup.s in the benzene ring. The Raman spectra 
of bcnsficne tlerivalivcs have been exten.sively studied, cs|>ccinlly by 
Koblrnuscrh mu I his hcIickiI.'*^ They have demonstrated that the 
spcctim. of orlho-^ nieta-^ and para- substituted derivatives have char- 
acteristic difVcrciifcs which enable one to di.scriminate between the 
positions of substilnLion. For example, all »u?£a-substitiitcd ben- 
xcncs have an intense, strongly polarised line at 005 cm~h which is 
not present in orlho and pnni compounds. The hitter two can be 
distiiigiiislied by the richer spectrum of the ortho and by a line in the 
neighborhood of (Vi.j ciii“‘ in the para, which i.s usually absent from 
the orfho <l€u*ivaLives. These tdiariu-teristics can be used to detenninc 
fixnn the Raititin spect rum the positinii of .substitution in a benzene 
derivative whose structure is unknown, 

S. Cix-lrana isom(‘rii<m. Many isomers of the irans structure have 
either a genuine center f>f syniinetrj'' or a sufficient approximation 
thereto In make ctre<-live the selection rule that excludes from the 
Raniun efl'ccl all vibrations antisymmetric to the center. Tliis rule 
floes not apply to citt isomers, which do not have n center of sym- 
melry. One can therefore determine which of a pair of isomers is the 
CM aiicl winch lli<‘ irann because of the smaller luuiiber of strong 


“ K. \V. !*’. KiitilniiiSf’li, frciicnil Hcfcrcncc pngc S54. 
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Raruan lines in the latter. If both lUimaii and infrared spectra arc 
available, the question can be answered more positively. In the 
infrared spectrum of the Iran/t isomer, absorption bauds cor rc.spoii ding 
to sti'ong Raman lines should be weak or nu.ssing. In the lianian 

I 

spectrum, the frequencies of strong infrared hands .should be observed 
weakly, if at all, as in the spectrum of /r«?w:-butenc-2.*“ This 
procedure is not applicable to those cases of cin-irantt isomerism in 
which the irans isomer dejiarta markedly from the ceiitrosyiumetric, 
and it is sometimes difhcult to ap|)ly wlicn the objec;tive is to deter- 
mine whether a substance is of the cia or ^rans form, rather than to 
determine which of two isomers is one and which the other. It has 
been, remarked by Rank, I'enske ct however, that the double- 

bond frequency in the region about 1080 cin~^ is some 20 cm'~^ higher 
in the trams form for many hydrocarbons. 

3. Slriictiire oj mibnianceis ht oA^aeoitu Holiiiwtu The (rheiiiist has long 
been iiitercsted in the question of structure of the coiiipoiind.s formed 
when such guses os CO«, SO a, and NHa are dissolved in water. The 
llamaii effect liius given a scmicpiautltative answer to the question 
for Llicsc Llimc inolc<ailes : the vibrational Rainiiii .spectra of the dis- 
solved siil)stauc!cs arc essentially the same as tho.se of the pure gases;* 
ill other word.s, so fur us one cuui ileLeriniue with Ibimaii spei'tra, the 
prciceK.s of solution has resulted in little (change in the molecuilar 
structure, and in particular lias not protluced spei'lro.scopically de- 
teir table amounts of Ha(.X) 3 , ITaSC.^s or NlTjOIl. A rather surprising 
hy-])r(]diic'L op the study of acpieoiis Mils is specLrosirojiic evi<leuc*<? for 
friH? rotation of the aimnonia molecnile in the solution. Lang.seth*^ 
lias round that llie rolutloiial fnie striieture of one of the vibrational 
Rtii nun lines of aii neons aimnonia iiidieates the same set of rotatioiial 
energy levels as those possessed by the rotating gas molecule. 


18.11. Qualitative and Quantitative Chemical Analysis. The 

ii.se np the Ranniii ell'ecl. for qualitative chtMiiical aiuily.sis resis on 
exactly the same ijrinciple.H lus the use of infrared absorpLinn for the 


Tl- clikI K, It, Wils«ii, Jr.. Jour. 6^ 247 (M)SH). 

^ V\%r ilic 11 jiiiiji. 11 .spc^i'lnnn LIil^ viiptir is Itis.s (rciitiploU* thiiii t.liiit <if the jiiirr 
lir|ii]<l, will] wlii( 4 i it .sci fjir iis iL fjews. 'Plu; spc-rlnitii of iif|ii 4 '(]iis SOj 

4*1o.s4>ly willi LhtiL^tf pure' licjiiiil Sf ):2. lUiiiifiTi spcH-lruiii iif NTl^ (‘liuii'ios si>nu'wliiil oei 

pM.ssiiijr from pru.^ tci kic|iiicl, iho cioiisist.iiiff of rn*f|tu'iu\v sliiflsnf llir iihiiii)1j\' 

ii!is<u'iji1-pil wlLIi Tlu^ rrc-<|iieiioy ilifTc'rt'ruH^.H htilwot'M pure* IU|iiirl 

Nils unci ii(|iicunLs NII:i 

A. Lii li. Xf^itjirhr. f. 77, (10 (I|}«t2). 
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same purpose (§ 17.5). AeecmUngly, the selection of tlie one tech- 
nique or the oblier For ciiiiililabive 4iiifily.si.s depends on other coiisidero^ 
tiom than basic* priiuripies. These c;oiis [derations have been sum- 
runrized in § 18.t>, where the two teeliniques arc compared. 

The ba-siH for the use? oF Raman sficctrii in quantitative analysis, 
on ilic other hand, dllFers frciiu that for infrared absorption spectra. 
Tlie fundiL mental assn nipt ion for the latter ii.se is the v^alidity, under 
the special tsnidi Linns nf the aiiuly.sLs, of liecr*s law (J 17 . 5 ). The 
analytical use of Raman speetra, on the other hand, depends on the 
assumption that the intensity of Raman .scattering by one component 
iu a fixed vcihnue of a mixture is linearly proportional to the number 
of molecules of that croinponent jire.seut. This is a very simple rela- 
ttonsliip, but tlu^re are good thcMii'ettcal as well as experimental reasons 
fop believing it to be an aecairate one in many mixtures.* Thus the 
complete (piantitative aiuilysi.s of ti luixtiirc in ])rinciplc can be carried 
out directly by liie ineasureiueut of the intensity of one Raman line 
for each coinpoiicnl, once the intensities of these linc.s in the pure 
components have been deberinined under the standard conditions of 
lUc analysis. 

Actually, the use of Raman spectra for quantitative analysis is 
more complii'al.ed j.han is itupluMl in this discussion, but the com- 
plications are those of pracl/ute rather thaa principle. One must first 
of all be on the alert for jiossihle ituu^llon tielwccn the components of 
n mixture that resiills in the disai>[jeiLrunce of molecules of the original 
componeiils and I lie nppeanince of new iiioleciilcs. The qualitative 
analysis of the mix Lure by means of its Ihiiiian s]>cctriim is tlic liest 
incliciilion of I his Iviint of chtiiigc' itisofur its its efTcct on the quantita- 
tive analysis is (rf>]K;ertie<l. If the Raman spectrum of a mixture is 
a Ruperpo.siliori of the speclra of tlic corn))oneiits, the indication is 
that no rc'-iicd ion of sigiillhranee for (| nan tita live analysis has occurred. 
This coticliision <‘nii be ehei*ked by ([iiaiiLitalivc spectroscopic study 
of solutions vvliose c-niii posit ions an* fixed in advance. 

Anollu*]' (‘otn plica I ion cjiffnnilt*re<l in practice i.s fluctuation in the 
iiiteiisily of the liglil source. "^I'liis uiijiredictiible source of variation 
in the iiileiisily of I lit* scattereil light can be compeiisatod by the inclu- 
sion of a fixed aiiioiiiil tif an itifcrutil iti the mixture. The 

-■ - 

*■ T<i lx* Muri', (|iui II t il II I i V(* iiiiiitvsi-H liy jiichiik nf iiiii]iit’it‘til wopkiiii? ciirvc.s (ciompiirc 

j I7.(i) i.'iiii Im’ I'lirrti'il <»iil fvi'ii if Itiiiiiiin nil i*ii>ilU*s dn mil lu’iir ii liimiir rultilidiislilp 
tip till!! I 111 1 1 lilt* i‘ ttf iiio1t‘njU‘s. 'I'll is jirurmiiir** iiiwy Ih* «t>iiipliful*'*l f*>r iiiixU*a*s of 
SfViirjil c'liinpiPiii'iils. 
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intensities of tlie lines of the components are then measured with 
respect to some line oF the standard, these relative values being unaf- 
fected by extcrniil changes in illumination. Carbon tetrachloride, a 
relatively unreaetive substance having a strong, simple llaTnan S])ec- 
trnni, is frequently used for this ]>ur])ose. The internal standard, of 
eoui'flc, serves to eliminate other external variables, such as the size 
oF the scattering tube, filter densities, and the lilcc, but these arc gen- 
erally easy to control anyway, the use of the internal standard being 
a great convenience rather than an absolute necessity. 

In view of the rather straiglitforwanl nature oF quantitative anal- 
ysis by Riiman sjjectra, it might be asked why the method i.s not used 
more often- Xlic answer lies partly in the liniibations of the Itiiman 
effect itself ns outlincil in § 18. t), siicli as the necessity for an optically 
clear, nonflnorcscont, almost colorless liquid scattcrer oF consiilcrablc 
volume, anti partly in the nuisance oF accurate measiircnieiit of light 
intensity from the blackening of a phoLographic ciniilsioii. To 
photogrnpli the llan'iim spectrum to tlio required tlensity, to ])roccsa 
the ])1ale, to men sure the densities of lines for botli stand art 1 and 
unknown, iiiul to convert these densities to ]>ei‘cciitage composition 
ttsiuiJIy lakes several hours. Tliis lime oFlcii compares iiiiftivorahly 
wil h lliiiL fov ollior iiu'tliocia t)r anulysis. partimiliirly iiifrnnMl 

methods. 

It is iippareiit, liowevor, lliitL whenever these two kinds of olijoc- 
iions ciiii be eliminated — the one by the nature of the siibstaiH^c to be 
slutMed, I lie t>Lher by tlie elimination (»r I lie pliologrnpliicf process in 
favor cjf pholoeleclrie i utensil y ineasureineTit — the Uainiin elfeet 
ofl'i'i's great jiosslbililies for rapiil, easy, an<l aecMirate analysis of mix- 
Lure.s Lliiit are I roiiblesoiiie with any oilier me I hod. As an exnin i>k> 
of wbnt one may expec'l in this directlion, tlie reader is rt'ferreil lo I he 
papers of Hank mid liis iissoc‘iates on the pholoelec'l rk' Raman analysis 
of h yd roc‘iirboii mi.xlures.*'^ An excellent ri'siiine of ({iitiiilitnt ive 
linn lyl ieiil proee<lnres tluil use Lhe ])liolngra]>]ii(! process i.s given in 
aik iirtieLe by Slniiini.'* 
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S. Hlingiivatilani. 7'hi‘ SratttTuiif nf /Jtfhf ant/ /hr Ittunait /\(fvt'/. 
GiiLv'ersil.v. Will lair. Iiidiii. 

Cl. Cllockifi', "'Pill' Ibutiuii HlVc'ct,” AVr. .l/m/. /Vay.v., 15, 111 

(i. Ifi'ivherg, infrared and i/timun iS/wr/rrt. X(‘w Vnrk : 
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CHAPTER 19 


Spectroscopy of the Vacuum Ultraviolet 


The region of tub sfectkuai ]i living wiivelcngths shorter than 
SOOO A is frequently cnllcil the vacuum ullraviolct bocnusc the kiigh 
absorption of most giiscs in this region makes it essential to work with 
spectroscopic equipment that has been evacuated or luus been lilk’d 
with a transparent gas such as liydrogen or helium. 

The earliest vacuum spectrograph was made by Scluiuiantid who 
employed a fluorite dispersing system and pliotographic emulsions 
that he made as free as possible front gelatin, to exteiul the limit of 
the spectrum from about IS.'St) to 1200 A. He wjis not able to measure 
Wavelengths. The use of a concave-grating viuannn ,spectrognL])li b}' 
byniaii® Ijevinillcd deteriiiliialion of wavelengths in llie range Ilia I 
luLcl heen photographed by Scliuinann, a range now referred to us I lie 
Scfnnnann reffiou. Lyman also extcMidcil the sliorl-wave limit of sptM^- 
irogruphy to nhoiit 500 A (see General Rererence I!). 1 ). The devidop- 
nient of the hot spark (§ 8.22) eiial>le<i Millikan^ to extend the sborl- 
wn VC length limit of observatioiw to l)elo\v 200 A. More reeenlly , the 
use of grii.Lings at grazing incidence In combi nation with sources of 
high excitation energy ha.s rcsullcd in closing the gaj* between llie 
slmrt-wave ultraviolet niwl long- wave X-my regions (General HeFei'- 
eiiccK ll)-2 arul 10.0). Lsing siidi teclniiques, Kdleii' has observed 
nu Ha Lion ii« slujrt as 4 A* though at waveleugtlis below 10 A, X-ray 
inclbofl.s liecoine superior. 

A^acuijin-ullt'iiviolel spcctro.scapy lias been parli(‘iihirly iiserul in 
llie study of alomie ciiiLssion speclni coiTesjxinding to high excilulioii 
energies, ns for example in singly and niulliply ionizisl a loins. Si)ec- 


li'a in Ibis region liiive also been usefni in elueiiliiliiig iLSlrophy-siciil 


' Sc'liiiiiHinu, .1 /iW. TUm. JI'iVh, 102, ‘2A, (l^;1 (iHDS). 

^ 'r, A tit m pit if. 't. i/fiifr.. 5, (Itliai). 

•' ll. A. Millikim, i*rttr. Xiff, Artnl. iSn., 7, 280 (1021). 

'* n. I'icUoiL, [j(*rs<)]iii1 eoiiimuiiic’iit ion. 
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problems such ns those of the gaseous nebiilnc» in inveatigati^nis of 
molecular spectra corresponding to high excitation energicH, ii> 
investigations of the solid state, and to n more limited extent iti tho 
study of certain organic coniijoiinds of biochemical interest. 

SPECTROGKAPHS FOR THE VACUUM ULTRA VlOl^KT' 

19.1. General Considerations. Spectrograplifl for the vatmimi- 
ultrnviolct region must be designed to reduce to a rninimiim tliv 
absorbing effects of ntinospheric constituents. This reduction ii’fcay 
1X3 accomplished by enclosing the spectrograph in n vaeiiuin-ti|Jfht 
case, so that the air can he exhausted therefrom, or by filling the <nis€’ 
with n gas having comparatively low absorption. The former mctlioci 
is used almost exclusively. 

Of atmospheric constituents, oxygen produces the most tronblegwiinc 
absorption. Absorption bands of Oj begin near 1050 A, converging 
to a limit near 1700 A, beyond which there is a conthiuuni.^-’^ T'lic 
region from about 1300 to 1100 A is comparatively transparent. A 
second continuum extends from 1100 A to 300 A or less. The maxi- 
mum of absorption is iit I'lSO A, where a path length of 0.0014 cm 
of Of at normal temperature and pressure is .sufficient to reduce tlic 
intensity of radiation by one-balf. Thus, in order to obtain traiia- 
niission of one-half the incident radlnLion in. tliis region tlirougli ii. 
pntli length of 4 meters, it is necessary to reduce the partial pres«iii‘c 
of oxygen in a vaciiiim spectrograph to about 0.001 mm tig. In 
practice, the partial y)ressiire is usually reduced to viilues rfiiiy|ilig 
Ixitwcen 10"^ and 10“® mm. 

Nitrogen absorption bands begin, at about 1450 A and extend to 
OOO A, beyond wliicli there is a continuum.® The rehitivc tniu.s- 
pnrency of nitrogen to wavelengths longer than 1450 A has made 
possible its use in fluorite spcctrogray)hs in lieu of a vacuum. Clon- 
tnminiition of the nitrogen with oxygen or water vapor may cjiiixe 
difficulties, however. 

Water vaymr exhibits two absorption continim starting at ITttfl A 
and 1340 A, with a .serie.s of hands super jioscd.®’ 

The rare gjises helium, neon, argon, krypton, and xenon have com- 

^S- \V. Ix^ifHon, A-'t/ro-phyn, Jour., 62, 7£) (1020). 

• J. C’lirry nncf (J, 1 UtkIutr, Auu. d, P/itfiiik, 19, BOO (1004). 

^ H. LriMltnihi'rK, VtMirliiM. and J. G. Iloyce, Phpir. Rep., 40, 1018 (1032). 

® It. Uir|{r 1111(1 J. I [oilfield. A itf rophyjt . Jour., 68, 257 (1028). 

° G. Hiilliciitiii, fjfituf'hr. f. PhyMik, 87, 32 (lOSS). 

*" J. J. TlopMl. PhifM. Rev.. 33, OfJl <1038). 
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paratively little: absorption except at relatively short wiivelcngtlis and 
arc present in such small quantities in the air as to be iin important 
in contributing to the absorption of the lcskIiuiI attnospherc left in 
spectrographs (see General References 10.2 and 10.3). Argon exhibits 
absorption from 1060 to 800 A, with a conbiniiuin beyond, ami neon 
absorbs from 748 to 615 A with a contiiiiiiim beyond that point. 
Hydrogen iins negligible absorption to about 1200 A, and this gas 
and helium have been used to wash out and fill vacuum spectro- 
graphs. Hydrogen must he used with care because of the d anger 
of explosion. Preliminary washing with nitrogen will greatly reduce 
the hazard of exjdosion in the sj^ecti'Ograph proper. 

Tliree principal types of tlispcrsing systems arc used iii vacuum 
spectrographs: (1) prism systems, (2) concave gratings illuminated 
at normal incidence, and (3) concave gratings illuiiiinated at grazing 
incidence. Prism instruments are limited to the range of the Schu- 
mann region, extending to about 1200 A, because of the lack of suit- 
able material for pri.sins and lcnsc.s with a]jprecia.blc bransniis.sion 
beyond this point. Concave gratings illuminated at grazing in- 
cidence arc uewkI for the range from 2000 A to the .shorte.st wa^’■c- 

h 


lengths observed. 

Vacuum spectroscopes arc usually designed For photographing the 
spec t rum, although other types of radiation detectors have been used 
(§ 10.8). bigbb source.^ iniist be operate<l in a vaciiurn or in an 
atmosphere coinpariitively Free from oxygen or other al»sorhiiig gases. 
If the light source is separate From the S])ectrograpLi and a window is 
interposed bc?t>Yeon the source chamber and the spectrograph lioiisirig. 
the al)sorbiug eliaraeteristic.s of suitable window material limit tlie 
working range to 1000 A or above. For sliorler wavelengths, il is 
cssentiid that no wimlow material be iiiterpo.sed in tlu* liglii path 


except for thin organic films that have been fouiid transparent at 
very sluirt wavelengths. 

IQ. 2. Prism Spectrographs. Tlie absorption of ejuartz is so great 
at wavelengths shorter than about 1850 A as to make it uim.sable as 
a prism or lens niaterial for viicuiiin iiltravitileL spi’ctro.sco l>.v. TIu- 
only materials suitable for lenses ami prisms iii this region are Jiatiiral 
fliiorito ((hil.'L) and synthetic cry.stals of calciiini fluoride or libhiuni 
IliKjride. .\11 l.liese crystals are isotropic, l^he absorption of iinturnl 


ervslallliit* fluorite increases rapidly below jilmiit 12.'50 A.“’ Syn- 


1C. Srhiificler, Hiv., 45, 

W. M. E’cJWiill, ilr., /*/#//«. if PI'. 4S, I;i4 (fliiorilcO; 46, 41J (<[ii«rlK) flSJlM-). 
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Inctic litliium fliiorido hiia soniewliiit l>ctt.oi‘ transmission,^® being 
iisnl)le in some ctises to iihoiit 1100 A, and tlio trails mission of ayn- 
tfictlc caTciiiin Hiiorido extends alniost n-s far. Of these two synthetic 
crystalline iiiatcviala, both grown in large crystals by Stockbarger, 
calcium fluoride is somewhat harder ami may be optically worked 
more easily, Tlie short-waveleiigtii absorption of synthetic lithium 
fluoride increases if it is exposiMl to sliort-wjive iiltraviolet radiation 



\ in A 

Fig. 19.1. Absorption of quartz, fluorite, and lithium fluoride. 

(I'Voiii chilli ill (icu. R«r. ID. 2) 

of high intensity or if it is liotnhnrdcd with gaseous ions.'*’* This 
pliciiomcnon is souk* what analogous to the “solarization** of quartz 
upon exposure to ultra^doleb railialioii. As in the case of solarized 
cpiartz, heating tends to restore the original tninsiTiission. 

The working of Llu' oplieid croinponenls of prism systems requires 
great precision in tlie grim ling and [>oIishiiig of the surfaces because 
of the sIkii'I waveleiigl Iih involve<l. Thus at l'Ji-50 A the precision 
must lie iipproxiniii I ely four limes as great as that required at the 
wavelength of I lie sodium D Hues in the visible spectrum, for equal 
freedom, from hnis aherrations ami other image defects, 

The absorption of (innrtz, fluorite, and lithium fluorifle is shown 
in V’ig. 11). 1, ami the dis[)ersion of Muorito and lithium fluoride in 

Fig. 10.2. 

Pristn inslrnnH'nts are chiefly useful for such investigations in the 
Sebum film region ns do not require the liiglicst dispersion. It is pos-» 


M < 1 , Sflitu*i*h'r, 49, S-H (IfiJlO). 

K. G. Seliiu'icU’i’, Jijitt. Ojil. Smj. Am., 27, 72 (1037). 



534t 


SP15GTROSCOPY OF THE VACUUM ULTRAVIOLET 

sible to design prism ins tTum cuts that are comparatively compact 
and hence easily pumped out. They serve adequately for ex- 
ploratory work clown to about 1^50 A and for the study of simple 
emission and absorption spectra. 



Fig. 19.2. Dispersion of Auorite snd lithium fluoride. 

(Frciiii flatn in Ouii- Ref. 10. tf.) 


Many types of prism instriimcnts have hueii designed. Ti»c spec- 
trograph of Curio and Schinidt-Olt,^* shown in Kig. 10.3, i.4 typic;al. 
A 00-deg iliiorite i)ri.sni is iisccl with fluorite (‘ollimtiling and telescope 
lenses of 0.8 cm aperl lire and 10 cm average focal Iciigtli. 'Plie fiical 



Fig. 1Q.3, Diagram of small vacuum spectrograph of Cairo and Scliniidt- 
Ott. N, hsUL; Lu IliiuriLo collimiitor lens; R, flimriLo jii'ism; /ij, ILiioritc tclo-scopc 
Iciii*; Pt^ pinto. 


le rig til changes markedly os a function of wavelength, which ncccs- 
sitiites tilting the plate at an acute angle to the optic axis of I he 
lelescojie Ic-iis. 'I'wo somewhat siinihir ilesigns of spetrtrograplis by 


Curio iitnl Sfliiiiidi-()iL, Zritxrhr. f. Pltf/nik, 69, 711) (I Dili). 


535 


§19.3] SPEGTUOSGOPY OF THE VACUUM ULTl\\YIOLET 

Me!Lennaii^® arc shown iu Figs. 10.4 and 10.5. Fluorite-prism 
vncuiim spectrograplis of the Lit trow type have also been used, 
b^oinc priam instruments of comparatively large size and high resolving 
power have been built, but it is more cuatomnry to employ concave- 
grating insbriinicnts when high resolution is desired. Because of the 



high diape r.sion at short wavelengths and the large angle of plate tilt 
used in prism specLrogni]>lis, comparatively large linear dispersion is, 
of course, obtained. Fen* extLiii[)lc, the plate factor of the Carlo and 
Schinidt-Ott iiisti'inuciit is about G A ^min at 1400 A, 


Prism 



Fig, 19.5. Alternative design, of small fluorite spectrogTAph. by McLennan.^* 

19.3. I^ormal-Incideuce G-rating Spectrographs. When used at 

uormtil ijicitlcMU‘c*, the reflecting power of grating surf aces is important 
ill determining the range in the vacuum ultraviolet which may be 

covered smrce.sHfully. The reflecting powcr.s of various metals and 
oLliov siibslaiiees near 1000 A arc .sliown in Tabic 19.1 '*and curves 

« J. C. 1). S. Aiii.nlifv nml 1). S. Fuller. Prac. Roy, Soc. f London), 95 B, 

am J. Mc>l.eiiiijin. A. C. l^ewis. Pror. litty. Soe. (London). 9811, 100 (lOiO). 

A. II. Pfuiul. ./aar. Opt. iSVw. .4 in., 12, 4C7 (loao). 

'* 1*. It. fBojisttii, l*Tnc. iVrt/- Anitl. *Sci., 15, fi51 {1020). 
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of reflection coefBcients are given in Fig. 19.6.^® At wnveleiigtlis 
longer than about 1000 A, aluminum is the best reflector, whereas 
below that wavelength x>latinum is superior to nluniiniim but not 
quite so good ns quartz. For the Schumann region, alumininn l.s the 


lOO 
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■ 
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Fig. 19.6. ReAectLon of aluminum, platinum, and glass at norms! incidonce as n 

function of wavelength. From duLa of Cb 1). Sabiiic.^^ 

surface of choice. Speculum -metal gratings hav^c been used at wavc- 
IcMgtlis as short a.s SOO A but arc nob so employed in in.sbruiTicnts of 
recent design. The rcncctioii of glass compares favorably with that 
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of uUiniliiLiiii or other metals below 1000 A. G ratings ruled on glass, 
without Huliseciiient eoiiliiig by metallic films, are of leu used iii Ibis 
region. Glass lias llie pari icrtilar advantage of not turiiishiiig lUid (}f 
bcdiig eh-jinetl easily if it bccoine.H coated wiLli surface films. Usually 


C i. II. Sabi lie. Iter.. 55 , 10(14 (IWSO). 
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a grating for ibis region is lightly ruled on s])cculiim metal or glass 
and an aluminum surface is then evaporated on bliis» If a grating is 
lightly ruledj with reflecting areas between the grooves, the trans- 
misaion factor of the spectrograph is somewhat improved.^** 

Normal-incidence gratings for the vacuum ultraviolet arc usually 
rilled with 16,000 or 30,000 lines to the inch. The rulings are usually 
very similar to those used for the longer-wave ultraviolet and visible 


regions of the sy>ectrinii. 


Coflcovft 

graliivfi 



Plate 


Focusing 

odjustment 


To pump 


Slol 


Fig, 19.7. Normal-iticidonce vacuum grating spectrograph 

liy K. '1', Coiniilnii un<l J. C. Iloyco.** 


A normaI-iii(Mdeu<?e grating spectrograph designed by Compton 
and Boyce-^ is shown in Fig, 10.7. The spectral range from the 
direct iinagc of the slit to 2.600 A is covered on a 2*1- hi. photographic 
plate. The shortest wavelengths that have been photographed with 
tbis instiriinieut are about 300 A. The grating is of 2-meter radius 
and is ruled on glass, with 30,000 lines to the inch. The plate factor 
13 aI>ouL 4 A/iuni at the normal. Hilgcr lias manufactured anormal- 
iiiciclcncc vacmuui .spec;trograph based on a design by Sawyer^ which 
is iyjiiciU of inaiiy instruinent.s. The grating is of l-meter radius, 
rulcil 15,000 lines to the ineli. The plate factor is about 16.6 A/mm, 
tlic entire spectral range up to iiboiit 3000 A being pliotographetl on 
one plate. A 0-meter grating instniineiit of similar design has been 
consti'iLcted at the Massachusetts Institute of Technology.” This 
sjicctro graph was urrangi^d so that plnte.s could be removed and 
replaced willK>ut ileslroying the vacuum in the instrument, 

« R. A. Millikuii, L S. llowen, iiiiil it. A. Siiwycr. A^lrop^va. Jour., 53, 130 (1021). 

K. T,'. I 'c)iii]>l.()ci ]iii(l ,J. U4>y(K!, tSfli. lunf., 5, 218 (1051). 

** R- A. Snwyt'p, Opf. Soi'. /(;».. IS, JWU (1027). 

** Cl. 11, linrnsoii, Hvr. Sri. /uni., 4, 051 (11>53). 



53& 


SPECTROSCOPY OF THE V/VGUUM ULTIWVJOLIST [119.4 


19.4. Orazlng-Incidence Orating Spectrographs. The shortest 
wavelengths that have been photogi’aphcd with iiormal-iiiciclcnco 
grating spectrographs lie at about 200 the limit being set by the 
low i*eiicctivity of grating surfaces for shorter witvclciigtlis, iis dis- 
cussed ill § 19.S. Hoag®® first demonstrated that shorter wavelengths 
could be photographed liy using high angles of incitlencc. As the 
angle of inculciicc becomes large, the reflection coefTieients of many 
mntcrials become quite high, even in the extreme ultraviolet range. 
Crratiiigs ridetl on glass are entirely satisfactory for use in this way. 

An investigation by Edl6n®*' 





Fig. 10.8. Schema Uc diagram of 
grazing-] ncldeace vacuum grating 

spectrograph. 


showed that the shortest wave- 
lengths that could he ]}hoto- 
grapliccL with a particular grating 
were 320, 100, 75 , and .'>3 A for 
angles of incidence of 0, 00, BO, 
and 85.6 deg, respectively, other 
conditions l>ciiig conipandile. 
Angles of iiiciflence near 00 «icg 
arc used to reach the shorLcst 
wavelengths.®®"““ 

A typical grazing-incidence 


spectrograph is illustrated in Fig. 10.8. Siegl>aliii®“ has coiistriicLed 
such iiisLriinncnls for use with X rays, and .similar spectrographs Iuia-'c 
been used by Edl6n®° and otliers for ultraviolet spectrography. The 
gratings used vary in radius from 1 to 5 meters and Jire usually rulcu! 
with about 15,000 lines to the inch. The liiiejir disper.sion at grazing 


incidence i.s coiisidcnihly greater than at normal ineideiice and varie.s 
rnpi<lly with wavelength. Thus at 80-deg iiitadeiice a 1 -meter grating 
ruled 14,500 lines to the inch has plate ructons of 6.5 A/nini and 2.5 
A inin at 1000 A and 100 A, re.spectively. Tlic same grating at nonnnl 


incidence has a ^date factor of 16.6 A/mm. Graziiig-int^idcnee spcclro- 
graplis with gratings of 21-rt radius have been eou.slructed by Ivnigcr.’’* 
'riic resolving power of a grating at grazing in<a<lericc is eonsulerahly 


« It. A. MilUkuii Jiiid II. A. Sawyer. Sneitoe, SO, 138 (It) ID). 

**• J. II. AsirttitfiifM. ,/our., 66, (IIWT). 

Kdiftii. iV->r« .lr/« If Iff. Sor. Sri. f7p.s.. IV, 0, No. U Cll»3l). 
” F. '['yrcii, /^Uffnik. lU, 31 ^ (11138). 

A- Kri«'s*»ii mill H. K(ll£ii, y,ritfit'hr. f. I^hifnik'. S9, (WS (IDlia). 
*'* Sic'^lmlni mill M ii/Ciiiissiiii, /.riinrfir. J, /*)tt/.sik, 95, 133 (IllSii). 
"" IS. I'ldli'ii. y.rii.’ff'/ir.J. /^hifnih. 100, ««1 (11)3«). 

1>. <;. Kniui-r. Urr. Sri. 4, W«. 
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diffcront from that at normal hiculoncc. The effects of large in- 
‘Ciclciicc angles on abcrralioii.s ami re\siilvuig power have been inveati- 
S&lccl by several workers.“®~“ The iKljiislmcut of graKing-niculencc 
mstrutnents is also Koniewhat more complicate* I than is that of normal- 
mciclcncc iiist rumen ts.“'^ 

Over the range in which both gra'/ung-iiicidciicc and normal- 
incidence grating spectrographs art; useful, the ehoicG between the 
two types depends upon the application. If the greatest precision in 
Wavelength detennina lions is desircMh the more nearly normal disper- 
sion and greater fret'clom frtirn aberriitions in the normiil-incidenco 
type may be of advantage, IF, however, the weakest lines arc to be 
observed, the greater reflecting ]>owcr at gntzing incidence may favor 
file use of an instnnnent. of the gniKiiig-incbloncd typo. 

19,5. Housings and Vacuum Squipment. lloiisings should be so 
constructed that all seals and joints are easily accessible For Lnsj)cctioii 

fckr the repa.ir of leaks, ft is desirable bhiit the volume of the 
bonsing be kept sniall in order that the .system may be evacuated in 
minimmii time. However, siifHcient rc>om sIiollIc] be provided for 
cnac of adjiistiiieiit and replacement ciF 0 ])tical components. 

Some nistriiiiKMils are built with external controls by means of 
wliicli adjiislnietiis may be made from the outside wlnlc the instru- 
ment is ovaciialed. .\ir locks are also sometimes provhleil whereby 
pm tea may be ehaiige*! or the slit may be inspected and the light 
soiirco replaced witlioiiL breaking the vacuum in the entire instrii- 
mciit.“* Siurh features make for ease and rapidity of manipulation. 

If a vnciium spark is used witlimil interposition of a protecting 
window between it ami I he slit (as in list be done for work below the 
transmission of siii f able wimlow malerutls), consulcrublc sputtering 
of the slit jaws may oecair. The slit must then be elcaacd frequently. 
Nielli tc Jnws sIjukI up somewhat bettor iin<ler such ci re ii instances 
tbaii do steel jnws. 

Diffusion pumps backed by mcehiinieal pumps are most convenient 

to use for evaciiiiliug I be ehanibers of vacuum spectrograplis. The 
pumps shouhl be of atUapuile eapaeity to reduce tlic pressure to tlie 
desired working range within a r<Nisc»nablc time. A piiinpitig time of 


** J. \rai<;k, ■!, SLt'liii, mill It. Kc11(;ii. w/wtF. f)piw Soff. Ant,^ 2Z, (iD3S) 
**1. S, ItowiMi. Jimr. OjiK Sfic. Am., 23, lUf) (I0M3). 

** Atul«i*Hcni Hill) J. Mmik, Jour. (fpf. S(u\ Am., 24, ^i0^ (1D31), 

J. TtLauU mill J. SU'liii. Jour. Opi. Sor. .‘(j-h,, 23, 1S4 (.lt)S)3), 

^ llnlhciiiau uiiil IVrIkiiitip, 2, l!i3 (li)35). 
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1 hr or less is usually considered reasonable. VnciiiiTn gauges should 
be provided both bo check the operation of tlie diffusion pump and to 
check the pressure in the spectrograph chamber. A simple discharge 
tube serves ns an excellent working gauge. 


ACCESSORY APPARATUS 

1Q.6. Light Sources. For wavclcngtlis shorter than 600 A, sx^arRs 
are the most useful sources. The so-called “hot spark” in vacuum 
is the source most frequently used in this range. At somewhat longer 
■wavelengths, either vacuiiin sparks or discharge tubes in helium may 
be used. Viirious other sources arc satisfactory in the Schutniuin 
region, including (a) apai'ks, (b) vacuum arcs, (c) hydrogen discharge 
tubes, (d) holLow-ciithode discharges, and (e) the vaciiiiin furnace. 
In the range above which nitrogen transmits radiation (about 1400 A) , 
this gas may be used instead of a vacuum suri'oiindLiig a sx)ark or arc 
discharge. 

The foregoing source.*! and their characteristics are de.scribed in 
Chapter 8. 

19.7. Photographic Materials. Ordinary photographic plates ai*c 
not usable in the ^'acuuiii ii I tni violet region without .special treatment 
because of the high absorption of gelatin iti this region. The absorp- 
tion of gelatin begins to rise at about A and i>eeotnes extremely 
iriarked before the limit of transmission of quarts i.s reached at 

1850 A. 

Scliiiinaiin* prci^ared platc-s satisfactory for x)hotography of the 
region to ISOO A (GenernL Reference 10.1). He tried various 
methods of ])rcpuring plates, including the coating of pure silver 
broinide on glass and the coating of the surPace of thin gelatin films 
with silver bromide. In his final process, the one .still used today 
ill the muniifactiire of Bc;huiiianu plates, an emulsion is forinod in 
which the proportion of silver hroiiii<Ie to gelatin is (|uiLe high. Aftei- 
sonsil izatioM l)y heating, this einul.s{on i-silried and washed with waten*. 


The emulsion is then di.ssolvod in water to a liigli tIiluLioii, floweci 
onto the gla.ss plates, and allowed to settle. After the suspension lia.s 
.settled, the extra fluid is poiircfl off and the reiiiaiiiiiig emulsion is 
dried. Sell inn a nn jilales arc, if properly prepared, responsive to the 
.shortest waveleiigtli.s which (ran be p holographed. The einulsions nr** 
apt lo be .somewhat noanniform, however, and Sehimiaiin phile.s nr** 
therefore nnl well adaiiled to photografihie pholoirielry. 
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Plntes prepared for the pliotoj^aphy of ]>ositivc rays have a high 
proportion of silver l^roinide to gelatin (although not so high os in 
Scliunmiin plates) and have heen used in ultraviolet spectroscopy 
(General Uefcrencc 19.3). Such plates are niamiPactiired in England 
liy Ilford, l.ftcli, and in the Uiiitetl States Ijy the ll^astman Kodak Coni' 
pany'. A method of sensitizing ordinary plates to the vacuum ultra- 
violet region wti.s developed l.>y Dueliiiix anti Jeantet,^^ in which most 
of tlie gelatin is eaten away from the emulsion by sulphuric acid, 
leaving a surface layer in which silver broinule is highly concentrated. 
Tliey also tried other methods of digesting away the gelatin, including 
^iUKy^nc digestion, hut none of these were as SLiecossful. The plates 
produced by sulphuric acitl digestion have high sensitivity, but the 
CHTiiilsioii is cjiiite fragile, and this incthod of processing plates has 

not been used extensively, 

Diiclaux and •Tcmitet®'^ also sensitized plates by coating them with 
111 ill layers of oil that absorbed energy in the vacuum ultraviolet range 
tind converted it into fluore-scent ratliatioii in the near ultraviolet and 
visible I'egion. byinan usc<l such plates for vacuum ultraviolet spec- 
troscopy to 500 A (General Itefcrciice 10,1). jVIaiiy types of ma- 
cliinc oils and other mineral oits arc satisfactory for this purpose.®* 
Since the fhiorescjcnt radiation that results in exposure of the emulsion 
ia comparatively coustiint in spectral quality for different regions of 
excitation, phites treated in this manner show comparatively uniform 
spectral response tliroiighoiit the range in which the oil absorbs. 
The oil must, of (course, he washed off with a suitable solvent after 

exposure prhir to tlevelopinent. 

It is somewhat diflieiilt to coat plates with oil uniformly in the 
laboratory, and some variation from plate to plate is to be expected. 
liLnstimui s])eetrt>seo|)ic plates are available coated with an organic 
fluorescent material that is washed off with ethylene chloride aner 
exposure anti prun* to tlevelopinciit. These ^ilates show somew at 
greater uniformity than oiled emulsions, but even they am sii ject to 

a certatin nmoimt of viiriation. hJnstinaii iiltraviolet-sciisitize p ates 

may be obtaineil in eniidsioii.s of various speed, contrast, an gram 
3i%C • 

c;oatefl philes apijeni* to liavc ns high resolving power as the be 


DiU'liiiiN miiL -It.jmU'l. ■/. tip Phf/i*~ <’/ Il'ui-, 2, an /'■naA't 

»-** <1, H. tliirrisoii. ,/. Opt. Sor. Am. ami «ri. /h.'c/,. 1 1 , (.qqJI'. 

C:, 11, lliirrisiHi iiiicl P. .A. I-cirtlitiHi. J. Opt. Soc. -I an., 20, 313 (I ), 

( 1031 ). 
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ScliUTiimiTi plates, l>iit tlieir resolution is siifBcient for most applicii- 
tions (General Itcfereiicc 10.3). 

1Q.8. Nonphoto graphic Radiation. Detectors. Fhotoclcctric de- 
tection lias been used in vacuum ultraviolet spectroscopy to a limited 
extent.'**’ ' Plntinum makes a satisfactory jiliotoernissive surface. 
If traces of gns are pi’csent, the photoelectric threshokl of platinum is 
at about 3000 A, but if the cell is thoroughly outgassed, the threshold 
is shifted to about 11)00 A. Such cells liavc the advantage for some 
applications of being sensitive only to the vaciiiim ultraviolet region. 

Therm oluifiincs cent detection based on a method ilevcloped by 
Hoffmann*- lias been used by Lyman.*® Copper film i.s coated with it 
mixture of calcium sulphate and a small amount of niiingaiiesc sul- 
phate deposited from a water solution. The dried plates are heated to 
redness for a few minutes. Poliowing such trcatincnt, exposure of 
the plates to radiation longer than 1300 A causes them to store energy 
that is released ns visible luminescence if the plates are subsequently 
heated to about 180®. Por a permanent record, the luminescence 

may l>c photographed. 

Photochemical ppocesaea may be used for measuring the total 
radiant energy in the vacuum ultraviolet region. The formiitioii of 
ozone from molecular oxygen, for which the quaiitiim yield is 2, 1ms 
been used for this purpose (General llefcrcnecs 10.2 and 10.3). If 
oxygen is passed through an absorption cell cxposetl Ui radiation of 
the wavelength at which the intensity is to be measured, the miiount 
of ozone formed in a given time may be determined elicinieally, and 
the total ra<Iinnt energy involved in the reaction may be determined 

from the ozone yield. 

19.9. Accessories for Absorption Measurements. Absorption 
spcctropho Lome trie ineiisurcinents of organic iiial.erial.s in the vaeiium 
ultraviolet region have been made with the use of a S])okker ]>liolo!n- 
eter (C’haptcr 14) cqiiqipcd with fluorite optics. Direct me I hot Is of 
photographic photometry have been more gtaierally employed. 

Alisorplioii cells for gases or licpiid.s for use in tliis region must, of 
course, be fitted with end plates of fluoriUs lil Ilium fluoride, or cal- 
cium fluoride. The absorption of the end |>hiles then limits I lie 
working range to the Seliuinann region. The absurplitm of gase-s niiiy 
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■also bo measnretl l>y introtluciiig tlic gas into the spectrograph itself. 
The pressure may he lulj listed to give absorption of the .desired 

mngni tilde for tlie path length involved. 

The absorption of solid inatcriiila hiis been investigated by coating 
litem in thin layers on thin films of eoUiilokl or collodion. With 
proper precautions as to the thickness of filrrii this method may be 
Used throughout the Schumann region (General Itcfcrence 10, S). 


APPLICATIONS 


19*10, Atomic Spectra. By far the greatest niiml>er of investiga- 
tions ill the vacuum ultraviolet region has been coiieerncd with atomic 
spectra. This work is reviewed in the references listed at tlic end 
of this chapter. 

^\.toinic spectra have been stiidicil botli in emission and absorption. 
P^or many atoms, the .second and higher s])ectra (corresponding to 
singly and multiply ionized atoms) occur principally in this region of 
tlie spectrum. Vacuum ultraviolet si>cctro.scopy lias therefore per- 
mitted the stiuly of eiiergj'" t ran ai lions not accessible in any other 


region 


The tenth and higher spectra (representing ninefold and 
higher states of ionization) have been obsciwed for many of the 
cleinciits, and for co])per the nineteenth spectrum (cori'csponding to 
eiglitccnfold ionization) has been photographed. Atomic absorption 
lines corresponding to transitions from completed shells have been 
observed in the vacuum ultraviolet, purlieu! arly by Be 11 tier (General 
References 10.3 a nd 19.13), These correspond to X-rny spectra, except 

that the truilliplici ties arc more easily observable anil therefore repre- 
sent an iiitcri’.stiiig Iransitioii from opliciil to X-ray spectra. 

19-11. Wavelength Standards. The earliest wavelength stand- 
arcls ill the Schuiiiaiiii region were tho.se of the eiiiissioii lines in the 
niolcxsuhir spectrum of hydrogen. Scliiiniann photographed the 
emission lines of inolocular hydrogen with a fluorite prism spectro- 
graph to about 137(1 A. Lyrnan, however, was the first to measure 
tlic wavelengths of the.se lines. Using a coneave grating at normal 
incidence, he in ensured the wavelengths of a large number of lines 
(General lleference 19.1). By comparing his plates witli Schumann’s 
miips, Lyman tleLenniiied 1>3'' iiiterjiolatioii the wavelengths of all the 
re.st of the hydrogen eiiuHsimi lines that had been observed up to that 
time, ITi.s table of lines servcil as Llic stanilard of wavelengths for 


the vaciiiun iilLra violet for inanj^ yeura 
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More recently,'*^’ computed wavelengths of the spectrum lines of 
neutral atomic hydrogen mid of singly ioni»c<l atomic helium have 
been used as wavelength standards in the vacuum ultraviolet. Wave- 
lengths so computed from formulas for spectral scries (§0.8 and 
Chapter 10) have a high degree of accuracy. Especially for helium, 
these computed wavelengths extend into regions much shorter than 
those in which accurate wavelength determinations can be made by 
normal -incidence grating spcctrograjihs. 

One method that has been u.scd extensively for standardizing the 
wavelengths oC emission line.s of various elements in the region from 
3000 to 160 A is to dctemiinc the wavelengths oF these line.4 by com- 
parison of their higher-order spectra with the first-order spectrum of 
the iron lines in tlic visible and ultraviolet (General References 10.3 
and 10.3). Difficulties are encountered in this method liecaiise of the 
differences in the positions or profiles of lines in different orders, or 
of lines arising from illumination of the grating in slightly different 
iispccts by two different sources, the so-called ‘‘errors of coincidence.*’ 
The second difficulty is overcome by exciting the lines of the com- 
(uirison substance in the source used to excite lines of the substance 
under investigation, the two spectra being photographed simulta- 
neously. The first diffieulty may be overcome hy application of the 
combination principle (Chapter 10 and General Rerereiicc 10.3). 
Successive applications of the combination principle penult the exten- 
sion of standard determinations to very short wavelengths. 

Tiitorrcromctric methods have been used for the jjrccise determina- 
tion of wavelength ntaiuhirds in the vacuum iiltruviolet/” but only 
to a liiniled extent (Chapter 30). 

19.12. Molecular Spectra. Molecular spectra have been studied 
in the vacnuiii iiltrnviolet l)oth in eiuission and absorption. The 
spcctni of ninny polyatomic inolceides and fliatomic! molecules or 
inolccnlar ions have been investigated. The literature has been 
reviewed by Sponer.**'^ 

Ill general, the vibrational structure, but not the rotational 
structure, is roHolviible in such si>cctra, though even the vibra- 


** K. PjiSflinn, J*rcimii. Ahitil. Wiitji. Iteriin Iter., pitgc 002. 

<MV. CJ. IViiiiey, r/iii. Muti., 9, HOl (ll)!J 0 ). 

*■1). I., I'/ttfM. ReiK, 50, (IIKKI). 

II. Spoiler, AfalrJciihfu'hlrcn titni iltre Aituvnttintg auf ckcmiMche Probieme, Ilerlin: 
•hiliii.s S)iriiig«r„ tO^U. 
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tion.nI structure is soinetimcs so complicated ns to appear c out in nous . 
W.lic tiler or not spectra will be observed in it particular region of the 
vacuiun ultraviolet for a ptirticular molecule depends on the tnagiii- 
tiide of the energy changes involved iii transi tions between possible 
electronic energy states, Particularly in molecules in which a 
closed outer shell is formed in the unexcited states the transition to 
tlie first excited state is quite high and may give rise to bauds in the 
vacuiun ultraviolet region. However, all molecules without exception 
absorb somewhere in the vacuum ultraviolet. 

Many organic comx>ounds of biochemical interest have their princi- 
pal absorption in this region. Some endeavor has been made to 
investigate such spectra, particularly fi*om tlie purely empirical point 
of view, but the field has not been studied extensively. 

19.13. Miscellaneous ApplicatioiLs. Electronic transitions in 
solids are of special interest from the atancLt>oint of the theory of the 
solid state. Soft X-ray spectra have been used for studying such 
transitions, but except for some of the technical difRcuIties involved, 
tlicre arc advantages in the use of the viicuum ultraviolet region 
from about 300 to TOO A. .Data so obtained arc useful in theoretical 
explanations of the tran.sinission and absorption bands of dielectrics, 
and of the jdienoinena of pliotoconductivity, phosphorescence, and 
II uorescence . 

Observation.s of emission spectra in the vacuum ultraviolet have 
been useful iii ustropliysiciil studies in explaining iiniisual types of 
spectra observed in Tiebufne and stars. Emission spectra of nebulae 
associated with hot stars are iissumed bo arise from excitation by 
ultraviolet of very .short wavclcngtlis coming from the stars. By 
obscLviiig the intensitic.s of the llalmei* emission lines of hydrogen, the 
total intensities of the ultraviolet contirma of such stars beyond 
01ft A have been estimated. From sueb estimates, it has been 
inferred that tlie hhiekljody surface temper ntiires of these stars reach 
values as high as 100, 000® K. Vacuum ultraviolet studies have also 
helped to ex])ltiin the ejiergy transitions giving rise to many of the 
lines in the ftpeetra of stars and nebulae. 

The pliotochetnical and jihotobio logical effects of ultraviolet raclia- 
lion in the Sclimnann region' are quite nuirke<l. Several plioto- 
elicmical I'cactions have been studied in this region. Xlie bactericidal 
elTects of Schumann radiation have also been investigatedj as well as 
the Icthnl effects of such radiation on other types of cells. 

These miscellaneous applications of vacuum ultraviolet spectros- 
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Two BFSClAl^i/iIQD TYIM'IS OF SPEOTIIOSOOPIC PllOULEMS rCqUirC II 

si rumen t8 huving resolving powers greater tlian those provided » 
ordinary spectroscopes. In the first, of which liypcrfine and iso topi 
structure studies involving tlie atomic nucleus arc Lypieali it is cit 
sired to separate very close and narrow lines that at inediuTn resolii tiO 
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Ffe. 20.1. Hyperflne slnicliirc of the green line Hg-S461A, after R. W. Wocwl. 

apiKar as single line.s. In ilie second, it is desired to measure wavc- 
Iciiglhs tts i)i"ecnse!y as possible; and the iiaiTOwcr and more highly 
icsolvc<l a line, tlio more closely can the position of its intensity 

inaxiinuiii be delermined. 

A cIciisitonieLer Inn’iiig of the liypcrfine stnicture of the grccti 
mercury line A'KII A» as pliotograpliecl in the seventh order of ii 
15,000-liiic-per-iiicli [)laiie grating by 11. W. Wood ' is shown in 
Fig. ao.l. Though I his line appears sharp and single in ordinary 

* U. W. WoHil. I’HI. Mag., 8, ills 
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S]>ectroscoi3efl, it is seen actiuilly to consist of a Ini’ge number of 
components, whose origins have been clucKlatcd by Schiller aii<l 
Schmidt,® This Tnultiplicity of lines arises from the fact that each 
isotope of mercury, of which a nninber exist in nature, emits light of 
a slightly different frequency, while in addition the odd-miinbered 
isotopes emit lines corresponding to this transition which show 
hyperfine structure. 

The coiiiidex structure shown in Fig. 20.1 can be observc<l only in 
light from a cooled mercury arc run under low current. In an 
ordinary arc the hnes are so broadened that they merge into a single 
line. Thus when the ultimate in resolution is required, special 
attention must be given both to the source emitting the light to be 
resolved and to the spectroscope 1*6301 ving it into lines. 

Pour principal types of iustruments are available to give i*esolviiig 
powers in excess of 200,000, These are the large diffraction grating 

having more than 10 cm of ruled 
jT-sr r width, the Luininer-Gchrcke plate, the 

/ \ 1 Fabry-Perot c talon, and the Mic;helson 

I \ .1 echelon as put into more practical and 

T / \ 7°"^ useful form by Williams, All of these, 

fmoa / h — j\ including the grating, may be elassc<l 

2 / I j \. as interfcrorncter.s, since they |iru<liiee 

i ^ 1 T tlicir high resoliLtion by the iiiLerfcr- 

^ ^ enee of from 20 to 200,000 beams of 

Fie. 20.2. Typicnl line shape rctui-<lations rniiBing 

illustrating half breadth, b. from 500,000 wavelengths down to 1 

are introduced. These various high- 

reKolutloii spe(;Lr(jsc<ipes are coniiJiired in §20.^3 atul are described in- 

(lividunllv in later se<4ioiis. 

■ - 

20.1. Line Droadening and Its Causes. No speeLriitn line is truly 

Tnonocliroinatic; but consists of a distribution of iiiLcnsily as a fiitK!- 
tK>n of wavelengtli similar to that shown in Eig. 20.2. A so-called 
“sharp” line ciniiU;<l by im electric are in the visible sja'c'lruin is 
iisiiallv at least 0.0:3 A wide. Since the actual brcaiUh of ii line i.s 
soinewlijit indelem till ale, it is conventional to use the hall'-iidctisUy 
broad 111 h, the breiulth at the intensity level whh;h is lialf Mint at the 


most 


Fig. 20.2, Typical line shape 
illustrating half breadth, b. 


inaxiiniiiii. From the llayleigli criterion (§2.2and 0,2) il rt>Ilciws thal 
two lines of otpial in tensity iiinl similar .slnqie will be* resolved when 
separidcd by apiirnxinialely 1.2 times their hair-intensity breadth, 

- il. Sfiiilii'i" hihI S rliinidl, y,riftnifir. f. PhffM., 98, iiSI) (lIKlil). 
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111 an actual sjjcctrogniin tliu obsorvetl sha]>ct of a Liiio indicates the 
Variation of its density with \vavelenj;;tU. Tlic true intensity dis- 
tribution may be found by using one of the jiliotoinetric methods dis- 
cussed in Ohajitcv 1^}. This distribution is inHuenced by the resolving 
povrer of the spectroscope used, which may conveniently be expressed 
m tciTns of ''ajiparabiis half breadth/* by the thickness of the emitting 
layer and the degree of alisorjition by atoms or ions in that layer, by 
such physical conditions of the emitting system os pi^cssiire and 
tciuperatiirc, and (ly tiic structure of the atom itself. 

The natural half breadth of a spectrum line, that is> the minim inn 
hnlf-in tensity breadth obtainable under any conditions, de|>cnds on 
Ifte internal structure of the atom from which it is emitted; it ranges 
from about O.OOOl A for most lines to much larger values in special 
cases. UsudUy this natural half breadth is ncgligibic compared with 
the broadening introduced by external factors. The magnetic 
moment of the nucleus prcxluccs a hypcrline structure or splitting of 
the line into a number of components, and mixtures of isotopes 
similarly produce multiple lines, but these contribute to line broaden- 
ing only when other fact<ir,s cauHC the components to mei‘ge Into a 
single pattern. 

The temperature motion of an emitting atom or molecule gives rise 
to Doppler broiiclcniiig {§ 10.7) because of the random variations of 
velocity possessed by the cm i 1101*8 in the line of sight. Since this 
ty|ie of broiuleniiig varies directly as tlic s<]iinro root of the absolute 
temperature and inversely as the square root of the mass of the 
cmitLuig particle, it can be reduced greatly by using lines emitted by 
heavy atoms and by exciting them at low tcmpcrntiires or in an 
atomic beam. The Doppler broadening of a line emitted by a 
hydrogen atom at SJOOO^K may amount to several tenths of an 
angstrom. 

Tressure broadening, which results from collisions of the emitting 
atom willi more or less inert siirroiindiiig utoins, is likely to he not 
more tliiin 0.001 A per ceutinictcr of pressure for the lower niember-s 
of a S]>ec* trill series. Since the stationary states that involve the 
outer reaches oP the atom arc more seriously affected by collisions 
than those Pari her in, tlu'! higher nieinbcrs of a scries show greater 
pressure l>roii<lenii]g, couplet 1 with shifts in wavelength arising from 

this cniiae. 

llesonanee broadening results when an atom is immersed in a dense 
cloud of ntom.s oP its own kind with which stTOiig interactions take 
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}>lace> forining temporary quniii. niolec Liles. In lower members of a 
series resonance may broaden n line by angstroms or even hiin(lrc<]s 
of angstroms; this effect accounts for the great breadths sometimes 
observed even at moderate pressures in the sodium D lines and in 
the equivalent lines of ionize<l calcium. 

Small magnetic iiclcls originating within and outside the atom give 

qi. 

rise to an incipient splitting of spcctriim lines cause<l by the Zecniun 
effect and thus influence broadening. Electric fields similarly prcxluce 

Stark-effect broadening. Tliere- 
L fore high ciiri’cnt densities, greiit 

ion densities, and strong electric 
and magnetic lichls must be avoid- 
ed if narrow lines are to be ]^ro- 
duce<l . 

Finally, the narrowest lines are 
produced by the thinnest emitting 
layers of luniiiions material. As 
the light pasHe.s through the emit- 
ting medium the shape of each line 
gradually changes, the eeiiter being 
built up h5,s.s rapidly than the outer 
edges due to .self-absorption, anil 
the line gradually becomes wsilcr 
and fijitler."'* 

exteii- 



Tohiiisky* has given an 
sive diseiissioM of the caiiseH 


of 


Fig. 20. d. Gcisfiler Cube immersed 
in liquid air for c-ooling. /J, Deiviir 
vessel; (\ e-iipilinry fitr ilisctluirge; 
jr, wiii«lci\v; d/, rrnitl-siirriice iiiirroi'; 
(\ c‘iiii<teiisinu lens. 


line broadening and of the produc- 
tion r>r narrow liiie.s from special 
.sources. 

20,2. Line Sources for High- 
Resolution Spectroscopy. The 

above discii.ssioii iiiflieate.s that to obtain the sharpest lines it is 
desirable to stdec^l line.s of low natural bi'ijadlh emit Lei I I>y heavy 
11 Louis of single isotopic elenienis having zero iiiK^leiir nioiueiit, ami 
to excite these with low ciirrenl donsilies, at low tempt* rain res ami 
l)resiiiir«*-s, in thin eniittiug layers. Almost all of these condilious lend 
ill the direel.ion of rediit'iiig intensity, and to arrive at a use fill liglit 
.soiirce il is iiet’e.ssury to I'oiii promise some of tlie above fairlor.s in fa vor 


"See J. SliUcir. Phifn. /^r., 2S, 7M;S (Hl^.'J). 
* S. 'I'dlfuisky, HpfiTCMUi* 40.1, 
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'Of others. The 5401 A line of unerciiry isoto])c 108 is a suitable linc^ 
when emitted under carefully controlled coiulitlons. 

A Geisslcr discharge, in a perniiLnciit gas ns distiiiguislicd from a 
vapor such as nierenry, can be c;oolc<l with liquid air or other liquids 
to very low teni])eratiires. Krypton tubes can in this way be made 
to give extremely' sliai']) -lines whose wavelengths can be measured to 
L part in 50 million. A by}>icn.l cuTungemcnb for cooling a Geisslcr 
discharge is shown in Fig. 



He. 20.4. Typical hlgli-freqiicncy oscillator circuit for the excitation of the 
electrode I ess discharge, 'i'ln* nsr'illrilor friM|iieiif>,v will he niiiglLly m mega- 
cycIcH/Hce when Lhe iiitliK'tiiiiCH's rmisist nf nhoilL 10 liiriis c-ncli of about liH* in 

dlnmclor. 

The elctrlrodeh'ss disclmrgf'’’ can ho inaito to omit very narrow lines, 
since it cim be operated a I exlrenudy low pressure.^, iiiul thin liuniuous 
sheets can he exc*iLo«l. Siinv ex ton nil elocdrodcs can ho \iscd, the 
making of siiilahle distdiarge LiiIx'k, pi'efoi'ttbly of fiusccl .silica, is 
simple, luifl ooiiljuninatioii of c;nii tents is rodncLsl. A low ]}rcssiirc of 
mert gas .snoh ji.s argon may ))o itioliided to initialc the discharge, and 
a heavy nielal ('aJt then lu' exoiUsl as its va[)oi' ])ros.siire builds up. 
The giis pressure for Tnaximiin] liglil iiileiisily is iisiitilly rathei' critical. 
A typical oscrillator eireiiil for liigh-freqiii'tiey ehxdrodelcss excitation 
is shown in Fig. •ill.!. 

The lioll ow-eathr)de flis<‘]iargc of J*aselieii iilrearly dcscri1>cd in 


J. TI- Winns, Itrr., 70, lUO (HHIl); F. Meggers, Jour. Ovi. .S'ct?. Am., 38, 

T pg IS). 

■"If. I>iiiic»ypr, (^oiHpffin ititiiil., 152, (1011); [<. iiihI K. illocli, Xeemuu f'erbmi- 

^rtingfii piigi* 10; S. 'r4iliiTisk.\' iiiid S. J\. Trivndi, Proe. Hoy. Hoc. (Loiiduii) 

Km, sail (1010). 
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§§8.10 and 15.7 has l^cen modified by Schiller’ to permit cooling and 
production of extremely narrow lincf*. A convenient form of this 
tube is shown in 3?ig. £0.5. 



When the id ti mate in line sharpness 
is required, the atomic beam .source 
should be used. This source, devel- 
oped by Hogros* and by Dobrezov and 
Tore n in® (see also General Ueferciice 
20.0), almost completely eliminates the 
Doppler broadening by ensuring that 
the emitting atoms have no velocity 
component along the direction of view- 
ing. As shown in Fig. 20.0, the mate- 
rial who.SG atoms are to emit light is 
vaporized in a small fur mice, and atoms 
arc ejected through two narrow slits .so 
that a beam of atoms is formed. This 
beam can be cxoitctl by railiation, by 
electrons, oi* by another beam, to emit 
liglit that can be studied in a direction 
at right angles to the motion of the 
atoms. Variou.s workers have in tills 


Fig. 20.5. Diagram of the 
Schiller cooled holLow- cathode 
discharge tube. Tlic etiLhiulc 
C is of mctiil .such ns brass or 
troll, Aiid Llio Lube 7' is glass, 
'I'liu ginss-lo-iiiclal .seal iS iiuist 
citlior willisLiiiid rcrrigcriilioii or 
else be kepL '\vnrni ciioiigli, by 
.sciiiiritlu liGuLiiiK, U> iiaiiiiCiiiii a 
vuc It II 111 -tight, joint, A gii.s siicli 
us urgoii is circiiliitcci (oiilTtiiicc 
lit 1, exit lit 2) and the clischiirgc 
occurs mainly in Llic crevice at 
5. yl, II node; D. l>uwiir vckmcI; 

II', wiiiilow; M, fro 11 L .surface 

mirror; ccirulcii.'iing Icna. 


way produced s])ectrnm lines .so narrow 
that re.solving powers of several million 
were re{|iiii*ed to reduce the apparatus 
half breadth below the natural half 
lircatlth of the lines. Aloinie beam 
sourws are relal.ivt'Iy riiint, however, 
and this dillhailt lecdiTrujue is to be 
ii.sed only when extremely narrow lines 
are neeiled. 

20.3. Selection of a Spectroscope 
of High Resolving Power. When 

lines must be resolved which lie 
closer than O.l cm~^ apart, lhat is. 


lines lliiit in the niid-nuige of the s})eclrnin are st'fiiiraleil by less 
I ha II 0.025 A, it is neeessury to use a speclrnsirope of high resol u I ion. 


’ II. ScldlkT, ZnWtr. /. 3S, :W!I iftiV., SO, I U) (IDSO). 

** A. H»xr‘*-s, ('am})tt‘M iii'mi., 183, l'4-l (111211) and .-Iwu. </. /’/fz/.fif/wr, 17, 100 (I0!t2). 
" L. l)«»bri*vniv iiml A. 'IVix'iiin, 16, Oiifl (I02H). 
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[^solving power, discussed in Chapter was defined ns =s \/dh. 
^ jT OP ordinary spectroscopes was found to range from 5000 to 200,000 ; 

the present chapter we are concerned with values of P, lying be- 
tween 200,000 and 5,000,000 or more, A concept which is sometimes 
more convenient to use than resolving power is the * ‘limit of resolu- 
tion do-,* wdiich expresses the wave numl>cr difference of the two clos- 
est lines of equal intensity that can just be resolved. Since Xo" == 10''% 

, <T(iX tr r- V 

— (ftO.l) 

where u is the wave number, and the other symbols are as used. 

( iroiighout this book. Thus at 5000 A (20,000 om^*) an instriinaeiit 



1 


Sht 2 



Point of 
excitation 


Furnace 


Spectrograph slit 



Condenser 


Fig. 20.6, Schematic diagram of on atomic beam source 


having a resolving power of 500,000 has a limit of resolution of 
0.040 cm“^. The resolving power of nn instrument is likely to vary 
ynt\\ wavelength, whereas the limit of resolution, which is a quantity 
Of more fundamental interest, in certain instruments remains essen- 
tially constant ovci* an extended wavelength range. 

Several grating spectrographs have been constructed having meas- 

vired resolving powers greater than 200,000, tlie upper limit thus 

reached lying between 400,000 and 600,000. When a good grating is 

available , it is pi‘Ql>ably most convenient when resolution in this range 

IS desired, since it suffers loss frojn overlapping orders tliau the other 
high 

-resolution s]3ectroscopes, has a more extensive free spectral range 
(the wavelength interval covered by one order ■\vithout being over- 
lapped by the previous and succeeding orders), has more nearly linear 
dispersion, aiul is probably less wasteful of light. The limitations of 
the grating at high resolution are discussed in § 20.4. 

If a grating cannot be used, a Fabry-Perot etalon is frequently 
found n ext best. In fact, this type of interferometric spectroscope 

* TulnnlcKy'iH “Mi.wilving limit**; wse General llcfcrence 20.4, page 87. 
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(§ 20.0) is so superior bo other types for most purposes that it seenis 
probable that it will ultimately supersede them For all but a few 
sj^ecial i:>urposcs, The etalon is cheapest, most readily available, 
most flexible, and Freest from gho st lines, imcl can be ina<le to give the. 
highest resolution of all interferometers. Like the Liiiniiicr-Gchreke 
plate and the echelon, its Free spectral range is small, .so For all but the 
narrowest patterns it must be crossed with a spectroscope of low 
resolution. .Because the dispersion of the etalon varies rajiidly, more 
involved calculations arc required to reduce wavclciigthH detennined 
with it than with other interferometers except the Lumincr plate, but 
this difficulty has been considerably reduced by recent eom]>utational 
devices. 

The LiiinTner-Gehrckc plate (§ 20.5) i.s almost outdated. Though 
only slightly more expensive than the etalon, it is much less flexible. 
Kor a long time its greatest advantage wa.s its theoretically higher light 
efficiency, but recent improvements in coating of etalon plates have 
brought the two very close together in this rcgartl. 

The reflection echelon (§ 20.13) is expcn.sive and diRifuilt to produce 
and i.s ns inflcxihlc us the ianinner plate. It has the advanUige of 
givitig WHV'cleiigtlis by a simple linear rediicLion jirot'e.ss, and theo- 
retical ly it can be useil thro ugh out the sjieclriiiii, like the fliffrac*! ion 
grating. Actually, its use in Llic vaciiuni region, where <if high- 
resohitioii interferoiiieters it alone apjK'ars usable, has been dehiycMl in 
jjrael ical reuliKatioii by the di/ficulty of producing plates thin enough 
lo give sidHciently low <jr<lers at short waveleiigLlis to avoid diflicMill ies 
due to overhiijping of orders. its use is recoin tnended only when a 


h^ihry- LVroL etiiloii will not serve or w'lien it is neeiled lo check wave- 
leiigtliH ohtaino<l with the eliiloii, in wfiicrh .soinewlial tedious p1iJi.se- 


shiFl. eorreel ions cnler. 'I'he echelon procluce.s disappointingly small- 
scale spectra iiidess leiKses of very long focal lengths are ii.sed with it. 

Extreme resolution cfan be obtained by using two Eabry-lVrot 
ettdoti.s in series, as denmnstrated by Houston,^'* or i>y using the 
<rehr<rk<‘-I multiplex inlerFerence s])e<?troscr(>pe, a pair of flat 
]3iM'a]lcl-siiled jdales coaled on both sides, so that eac‘li is an etalon in 
cjiinrl.z or glass ratlicr than in air. Tliese complex inti^rfcroniclers 
have not a I la i tied wide use, probably because ii simple Eabry-lVrol 
el Ellon, when properly conslnietcd aiul crossed with ii simple spec- 


W. tloiiKUni. 29, 47K (IIWT). 

K. tiehretcr juicl EC. I.1111, y.vitm'hr. tvvh. /*/f //.■»., 8, 1,>7 
(17a (limn); 1*^. Ijhu mu] K. ItitLcr, ZeUaehr. J. P/o/n/A*. 76, 


ID I { lD:tJ». 


y.t'itxrhr., 31, 
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troscopc, gives nil the rcst>Uibioii anil free spectral range needed for 
the narrowest s])cctriini linos yol produced. Meissner^® has used 
etalons up to SO cm separation, giving orders of interference np to 
800^000 and thcorcti(;ul resolving powers of more than S5,000,000. 

20^4. Limitations of DlEEractLoxi Gratings at High Resolutions, 

The diJTractioii grating, bliongh not an iiinplibiLilc''Splitting intcr- 
feiomctcr, with its rulings (up Lo 180,000 or more) produces from a 
single lienm 180,000 or more clifTriicbcd beams tlmt arc caused to 
interfere. Except in the ease of eehelotto gratings, only the orders 
from the first to the .sixth arc ordinarily used. Micliclaon ruled 
9.3 in. of mirror surface with approximately 10,000 lines per inch, and 
obtained in the sixth order of this grating resolving powers of about 
600,000, the highest yet claimed for it diffraction grating* Such 
resolution is ortlinnrily obtained only when a grating is used to produce 



Wavelength ^ 

Fie. 20,7. Shift in confer of gravity of a spectrum line as Its density increases, 

duo to two components (a) and (h) or a principal line and a satellite. 

faint pictures of strong lines, fal.se lines from errors of ruling in the 
grating then being rebi lively weakened by the shape of the cIiaracLcT- 
istic curve of I lie pliolograpluc ciinilsion. 

T’lic sabcllile lines disciis.sed in § cause changes in the center 
of gravity oF a sped rum line produced by a grating as tlie density of 
the line increases, ns shown in Kig. 20. T, and this shift appears to set 
the limit lo iirec'ision found in measuring wavelengths wiLh gratings, 
as flisciissod in § 0.12. (n'ii lings Hint may be useful for resolution of 
hyper fine slrudiire oflen jirove vuliiel'‘ss for determining wavelengths 
toil ]ircci.siciii grenler Ilian O.OOo A when lines of diireretiL intensities 

*■* K. W. !\I('issiit'r, ./offr. Opt. Stif. 31, ■IJ)5 I'CuV/., 32, Ifl.'i 
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must be simultaneously photogi’nphccl. Umler these circuni stances 
it is found convenient to use mi c talon or other interferometer, despite 
the necessity of separating overlnpjiing orders by the use of crossed 
dispersions. 

An ideal interferometric spectroscope would be one having charac- 
teristics intermediate between the diffraction grating tiiid the other 
three interferometric devices discussed in this chapter. Instead of 
using a large number of befiins anil a low order of interference, as in 
the grating, or a small n inn her of beams and a higli order number, as 
ill the other interferometers, it would achieve a resolving (loivcr of, say, 
one million, by producing a thousand beams that interfered in ap- 
proximately the one-thousandth order. Such a device would have 
iiitcrnicdialc characteristics of spectral range and di.s]>ersioii that 
woulil make it extremely valuable. It shouhl preferably he [iroduced. 



Fig. 20.8. Ray paths in the Ltmimer-Gohrcke plate interferometer, Tlic prism 

is ill iiptiriil luaiLiicL wiLli the phiLe. 


not by poorly eon Lroll able inetlicxls like tlie eiigniviiig cif rulings on a 
grtitii]g but by eoiilrcillect oplieal methods of the sort used in proilucing 
plate ill terfero meters. 

The operation of the iiiterferoiiictiM’s disf'usse<l in the following sec- 
tion.s will be more clear if the reader is ruinilijir with discii.ssions of the 
production of interference patterns of various tyjies, ns given in 
General lleferenccs anil SO. 4. 

20.5. The Luinmer-Gelircke Plate. Por many years tlie single- 
plate iiitei'feronictcr in trod need by Lummer^*"* in 1001 and pub into 
more ]irnctical form liy lainimcr and (ielirckc*-' in lOOii was the iiiosl 
eoinrnoiily u.sed type of hiterferoinetric S]ie<^lro.scope wIic'ii high resolu- 
lion was recpiired. Though still favored by a small number of work- 
ers with long cxpiTieiU!e in its u.se, it has yieldeil almost (•oin]>letcly to 
the more flexible h\d>ry-lVrot ctaloii for all but a few tyi>es of iii- 


l.iiiiinuir, Vrr/i. DrutNrh. fltiii., 3, S.'S (11)01). 

t). I.iiniini'r iiiiil I’J. (Jolirck**, A»tt. d. 10, 4.'i7 fllltW), 
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vestigatioii. It offers somewhat higher resolution For fi given aopava- 
tiou of orders than the e talon, bub it must bo re tie I justed in angle of 
iUiiminAtioLi for each new spectral region covered, so that its use is 
Tcalrictcd to hyperfine struct lire or other studies requiring high resolu- 
tion over It restricted spectral range. 

The operation of the plate interferometer is shown in Fig. 20.8. 
Light entering the prism P is alternately reflected nt an angle near 
the critical angle of internal total reflection from the two parallel 
surfaces of the plate, which is of glass or quartz. Twenty to thirty 
parallel beams arc thus ])rnrUiced on each siile of the plate, and if this 
light is focused with a lens, sets of fringes are formed on either side. 
Tlie thinner the plate, the greater the range covered between orders ; 
and the longer the plate, the greater the number of beam.s produced, 
and hence the higher the resolving power. In practice, jdate.s u]> to 


Spectrograph 

slit 



FJg. 20.9. Optical arrangement in the cxtemnl mounting of the Lummer- 
'GehrcliQ plate (L-C). Wltni ilio is of tTysLalliiic quiirlr., n poinrixer is 

tequircU to clitniiinlc Llie elTeut of c1i>iihlc refntuLion unless tlic plate itself is made 
to serve Hi is piir[>(>sc. 

20 cm ill lenglli nre made, but it has not been found practicable to 
lunkc them thinner Lluiti fl.'!* mm. 

The pin to is llluniiiiale<l with parallel light and may be placed in 
lli« beam hetween ibc (rollitiniLor and prism of a .spectroscope, so that 
the dispcr.sions will be crossiul, a-s described by Scliniiiimeti.*^^ Al- 
lematively, the plate may be externally ruoiiiited as in Fig. 20.9. 
The latter inelliod is generally iiroreiTcil, .since light scattcretl by dust, 
surface scralclios, and internal im perfections cloes not affect the 
result; sii])port and leu iperat lire control of the plate can be more 
readily earrie<l out; and foiuil propertio.s of the plate itself, because of 
flexure or iioiipnralh'Usm (if I lie two sides of the plate, can readily be 
com |>cnsii led bir by projxa* ^^>cnlsillg of the lens. This should be an 
achromut or similar lens of good (piality. 


“ A, Sr'climninien, Aim.ii. /'/ii/.vi7i', 83, LKtl (10*27). 
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The Lummer-GeliTcke jjlate requires the highest optical workman- 
ship, of any interferometer, since its surfaces must be worked, accord- 
ing to Tolansky,^® to of a. wavelength. Since the light beams may 
pass through fi.s much ils 30 cm of glass or quartz, this niatcrinl must 
be of the liigliest homogeneity and uniformity. Glass plates can be 
used in the visible only and may be con.sidcrc<l as almost outdated. 
Crystalline quartz plates have the advantage of suitability for use 
over the entire quartz range from 3 /Lt to SOOO A; and by using the 
extraordinary ray, A^cry high reflection coeflicients are available with 
internal total reflection throughout the spectrum. The instrument is 
thus theoretically more efficient in the use of light than is the Pabry- 
Perot c talon, in Avhicli much light is lost by absorption in the metallic 
reflecting films. This advantage has been climinishc<l in reeent years 
by the improved films developed For coating e talon plates (§ SO. 8) 
and seems likely to dcci'easc even Further in the Future. 

It has been emphasized by Toltinsky*® that the Tjiiminer-Gehrcke 
plate is not a Fabry-Perot ctalon used at griizing incidence, because 
the <lispersion of the glass or quartz used plays an important part in 
the resolution obtained. Tlie dispersion obtained depends on the 
angle oF iiieideiiec an<l the o[)tical constants of the plate material, and 
not on the dimensions of the plate. The thinner the plate, however, 
the greater the order separation. 

The Lumincr-Gelirckc plate is particularly .sensitive to temperature 
fliiet nations and to mcehaiiical flexure. It must be held to a tem- 
perature variation of not more than 0.0.'>°C if a tlisplucemcnt or 
broadening of more than order i.s to be avoided. Unless the plate 
is careful [3^ made and controlled, ghost images will appear, Owing 
to the fixed form of the ])1ilIc it is necessary to ii.se two or more Lutn- 
mer plates of different thicknesses to unravel overlapping order.s 
where broad patterns are being stii<llcd. All in all, the Taimmcr- 
Gchreke interferometer ofVer.s little that cannot be obtained more 
cheapl^^ an<l easily with a Fabry- Perot etjilon having reflection coat- 
ings of fjiirly high effieienc^'. The reduction of fringes i.s no le.ss 
coni])] iea led tlia-ii with llie latter in.sLrument. 'Pile reader i.s referred 
to General lieFereiicre 20.4 For the details of pattern reduel ion. 

20.6. The Fabry-Perot Ktaloa. Tliis most widely used ty|)c of 

inlerfereiiee spet'lro-scope wa.s elevelojied by Fabry and Perot^^ in 
1807 . II eonsisis of Uvo ])ara 1 lel partially refleeliiig plane surfaces. 


S. 'I'oliiiisky, (■i'rii*r)il 

('h. I*'iil>ry mill A. IVitii, .Imi. tip fVii’ni. W (if- 12, 150 (IH07J. 
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arranged as in Fig. 20.10 to split a beam of light into a large number 
of beams of diminishing intensity, which arc then caused to interfere. 




F-P 




Spectrograph 



Pig. 20.10. Schematic diagram of the Fabry-Perot atalon. 


The interferometer may, but need not, be illuiniiiatcd with parallel 
light, and the fringes, being fringes of equal inclination of rays, are 
produced at infinity. Ry means of a lens, which should be of high 
quality, they can be focused on the slit of a spectroscope with which 
the dispersion of the etaloii Is to he crossed. The fringes formed are 
circular us in Fig. 20,11, and the slit is placed across a diameter. 

The fundamental equation of the ctalon^® in air or vacuum can be 
expressed in the form 




/«o + e 


X 



s\p 


(30.2) 


where m. is llu* order of interference 
at the center uf the ring system, i is 
the iliiekness of the etnion s])acet', 

D is the diurneter of a ring or inter- 
ference maxim iim eoiTesponding to 
Wavelength X, and / is the focal 
ienglli of the lens used to project the 
fringes; mo is tlie integral order of 
interference at the position of the 
lirst nuiximuni measured by 7Ja, the 
diiinieter of the first ring, and e is 
the partial order of interference be- 
tween this aiicl the center. The fringes, 
highest order i.s at Llic center, and 



Fig. 20.11. Image of the circular 
fringes from a Fabry-Perot etalon. 
This itniigi! iy projected on the .slit 
of Uiv H|jceLr<igrafj]i ah tliiit the nIiI 
lies oil II (lia meter uf the circular 


suceeeiliiig 

neighbor. 


rings 
The elosei 


arc oiicli of one order leas than their preceding 

together the two c talon plates, the broader 


ami ill ore widel 3 ' .scparixte<l will the fringes be. 




H 


S(*c K. \V. >reissnpp. Jour. Opf. Sar. Ai»., 31, 405 (1041). 
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The resolving power of an ctalon clepcnds in n. comj^lex manner on 
reflecting powers and absoi^^tions of the reflecting surfaces, which 
control the number of interfering beams, and on the thickness /, which 
controls the order of int erf 61 * 6000 . Meissner^® gives the approximate 
formula 



1 — r 


(20.3) 


where m — 2i/ X and r is the reflecting power of the film used. By 
properly coating the plates (§ 20.8), 30 or more interfering beams 
can be produced. To reach a resolving power of 1,000,000 it would 
then be necessary to work in the 33,000th order, and at wavelength 
5000 A, 2f would be 10.5 mm, so that a spacer 8.25 mm thick would be 
required. In practice, the limit of resolution thus far obtained with 
the ctalon is about 0.0025 cm"''. 

The disi^crsioii in a fringe ])attcrn varies from infinity at the center 
of the pattern to smaller values in accordance with the formula 



(20.4) 


The dispersion is thu.s seen to vary inversely with ring diameter and 
is otherwise independent of the ctalon gap t. Willi a ring c I in meter 
of 2 cm mid a lens of focal length 50 cm, the dispersion at .5000 A is 
seen to be .5 mni/A, and Llie plate Factor 0.2 A 'mm. At 2000 A, on 
the other liand, the di.s])er.sion is greater for a ring of the siinie 
tliarneter. 

The free spec; t nil range lie 1. ween orders is given hy the form u la 


in angstroms, ni 



(20.5) 


( 20 . 0 ) 


in wave niiinhora. TIiuh in the ciise given above, if / = 1 cm, F is 
0.12 A, 0.50 enl“^ or 0.02.5 nun. In terms of wave-number differ- 
enees it is eonstaiit tlirciiighont the spectrum, depending on etaloii 
thiekne.ss only. 

20.7. Operation and Design of the Etalon. AlLhoiigiriixed e talons 

consisting of slabs r>r glass or (|iLartK with plane-panillel sides hotli 

h ■ 


l\. \V. M«i.ssm*i‘, 'M5. 
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coated with tliiii metallic films have been used, these suffer from the 
Jisadvantngcs of the Lii miner- G eh rcko plate phis other limitcitions. 
The flexibility given by vnriable plate sejiiiration Is lost> the dispersion 
of the oiiticiil material in the interferometer enters iu such a way as 
to make precise wavelength determinations more difHciilt, and the 
efficiency of the device as an interferometer is lowered. It Is, how- 
ever, convenient to have nn interfei-ometcr that remains permanently 
in adjustment. 

A more common form consists of two plates of glass or quartz 
separated by means of an ctiiloii spacer that holds them a distance i 

apart, as .shown in Pig. SO. IS. The inner 
facc.s of the plates arc made parallel to ^ 
wavelength or better. The first face, marked 
F 1 in Fig. SO. IS, need be plane to one or two 
wavelengths only an<l can be of condenser' 
lens quality, but it should be tilted nt from 3 
to 30' away from ])iLi*allc1ism with F 2 and 
{5* is a good value) so that secondary images 
will i)e thrown on one side. The fourth 
face, F 4 , should be inclined the same amount 
an<l should be plane to within one- fifth 
wave, that is, hetter than good lens quality. 

If desired, the two plates can be held in 
tnouutings. one of which is arranged to be 
moved by a s<ircw on ]>iira.Ucl ways, so that the thickiie.ss i can be 
varied over wide limits. This arrangement gives great flexibility^, 
but keeping tlie i>hitc.K accurately parallel without frequent readjust- 
iiicnt is difliciilt, anti in general it is found more convenient to have 
available a scries of fixed spacer.^ of various thicknesses. 

For general ii.se at least three spacers should be provided. These 
should not be exact simple multiples of each other. Thicknesses of 
3, 7 . 5 , and 20 mm will he ftniml convenient for most work, these 
l>cing supi>leiTicnted when possible hy Hpacers of 3, 10, 25, 50, 100, and 
200 111 111 for special work. When working in the range 10,000 to 
2000 A, one should reineinber that at the long-wave end of the spec- 
trum ii 5()-iniii spacer is equivalent to a 10-mm spacer at tJie shorter 
end. 

Plates tkf glass can be used only in the visible and very near infrared - 
Plates of quarlz .sliouhl be cut perpcMidieular to the crystalline axis, 
one of left- lull ulod and one of riglit-han<led quartz, to avoid double 


Plate Spacer Plate 



Fig. 20.12. A common 
form of the Fabry-Perot 
eCalon using a fixed 
spacer. 
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refraction. Sncli plates cun be used between 3 untl f2000 A. It 
seems probable tliat plates of calcium fluoride could be prodiicctl for 
use in the vacuum region down to ISOO A, but the optical <lifflcultic.s 
of working this soft mnlerial to closer than xfir of a fringe of yellow 
light would be great. Fused quartz plates would be ideal for the 

region of waves longer than S400 A, but 
the secon<l plate must be homogeneous to 










© @ 


a degree not often found in this material. 

The plates, which are usually round, 
iiuiy be of any size between 9,5 and 100 
mrn in diameter, the larger plates being 
.somewhat more u.scful since, If the full 
aperture is not needed, those areas of the 
])labc can be selected which have .surfaces 
most nearly plane-parallel. To give good 
incchiinical rigidity, the plates should be 
not less than oiie-.sixtli as thick as their 


Fig. 20.13. Cross section 
of mounting for the etalon. 
1, Itcplnccnliic inoLiil.s|iiicer lu 
iillow clilfcrcnt cialoti ihi-ck* 
nesMus; nietnl oiid usNcni- 
l)ly of mnunting; 3, fiisot] 
qiinrty. sjincor; 4, Fiibry- 
I’crtit plalCM; 3. scrcw.s for 
iiiaiiiliii iiing gcnlle aitriiig 

pressure ttii the pluLcs. 'riicru 
lire three of lliesc serewK, 
.spaeet) at 1^0 (leg. on ciicli 
iiicLul vihI assembly. 


diameter, and preferably one-fourth. 

The etalon spacers .should consist of 
rings having three bosses on each side {h 
in Fig. 20. 1£), formed of a mechanically 
rigid materia! of low thermal expansion, 
such as fused quartz or invar. The bosses 
arc sometiinc.s rounded so as to make 
con tact with the plate over a small ai'oa 
only, but Meissner-” has shown that when 
optically flat surfaces of from 1 X 1 to 
1 ..'j X 1.5 mm are formed accurately in the 


same plane and when opt i (nil contact is made between these bosses 
and the cleaned nielal-free surface of the i>hile, I ho interferometer 
will stay in adjustment over long periods of time. 

The two ]>lale.s with their ,si>acer are iihiced in a lo(we-fil ting moimt- 


ing arranged so that gen lie s])riiig pressure can be applied exactly 
opposite the ixisitioiis of the bosses on the cl u Ions. Su(‘li a moiiiiling 
is shown in Fig. 20.13. ’^I'lie nioiinling should iiinke possible the 
observalioii of contact fringes against each lioss, to ensure linn 
(jplieal (contact. It should l>e held ill good iiiecliaiiical adjustment, 
bill .should be arranged so that it can bo rotated alioul a vertical axis. 


K. ^Y. ATcissni’p, ibid., piifit? 40 ( 1 . 
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tilted about a horizontal axis normal to the optical axis, raised or 
lowered j and moved sideways. It is convenient to have the etalon 
case rest on a point, line, and plane table so that it con be removed 
and quickly replaced in the same position. 

When any but the sliortcst exposures are to be made, provision is 
needed for keeping the etalon at a constant temperature and the air 
within it at constant pressure. The mounting shown in Fig. 20.14 
is convenient for this purpose. Two quartz windows are provided, 
which respectively should be of the quality of the lenses used next to 
them. The whole container can thus be sealed and kept at constant 
temperature with circulated thermostated water. The cose is made 
of heavy metal to give good thermal lagging and to ensure rapid 



Fig. 20.14. Outer container and mounting for the etalon. 


temperature equilibrium. For cxpo.su res of less than 10 min these 
precautions are not iieces-sary, hut the interferometer should always be 
allowed to come to equilibrium temperature before use after Imtidfing. 

20.8. Plate Coatings for the Btalon. The etalon interferometer 
is somewhat slow and wasteful of light, owing to absorption at the 
coating as each beam is separated into a traiismiblcd and a rcRected 
beam. Transmission of a few per cent of the light at each reflection, 
and reflection of the remiiintler, is desired, with no absorption. In 
actual filin.s, the thicker the film (up to a certain limit), the greater 
the reflection but also the greater the absorption. The efficiency of 
the etalon depends greatly, then, on the character of the metallic 
film selected niul on it.s tliickncH.s. 
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The materials most frequently used in the past have been silver, 
gold, platinum, and n1 iiminum. Of these, silver is the bust between 
10,000 and 5000 A, and aliiminum between 5000 and 2000 A. The 
new teclmiquca of multiple-layer cviiporatLoii, as developed for inter- 
ference filters and other puri>oscs, niny lead to further improvements 
in efficiency of the e talon. 

It is found tliat silver coatings made by evaporation nre superior 
to those laid down by sputtering, which in turn have higlicr efficiency 
than those put on by clictnical deposition. Alum in um eoatliiga arc 
always put on by evaporation. Improvements have been reported 
as reaulting from evaporating magnesium with the aluminum, and 
the Hocliheim alloy,®* a secret composition of aluminum and silver 
with perhaps magnesium and other materials, has given liigh effi- 
ciency. Occzisionnl reports of abnormally high efficiencies, received 
with some skepticism', may be due to multiple-layer interference 
effects. 

The opLiinuin thicknc.ss of coating is extremely eritienl and mu.st 
he carefully controlled. Tolanslcy-'* has pointed out that a change in 
reflecting power from 85 to 87 per cent cuts the intensity of the fringoa 
ill half while improving re.soliitioii only 1(1 per cent. Reflecting 
powers in the range 80 to 00 per cent are the most u.seFul. 

Tlio pro]ier tliickncss can be controlled to some extent during 
coating, by nuiking provision for photoelectric measureinent of the 
beam while the evapoi'iLtion process takes placc,^'* or by making re- 
sistance tnca.si)reineiits on tlie film itself. A very sensitive means 
of nicti.siiring ii pair of plates i.s to hold them nearly parallel close to 
the eye anti observe the filainenl of a powerful iiicaii<leseoiit lain]) 
throngli them. When the plates are suffituently parallel, miilLiple 
imagc.s of the filament will l>e seen; with a good jiair of plate.s it 
shoiiltl be po.ssihle to count 40 or more such images when a GO-waLt 
bulb la n.sed. 

In preparing plates, one slioiikl not overlook the Pact that it i.s of 
little advantage to be able to re-solve lines narrower than any that 
arc pro<liiccd in the source being sludietl. (ireiit gains (*iin oflen be 
iiuule by coiiEiiig plates more lighlly than for the higlit'st resoliilion : 
red licking resolving power by a fuel or of 10 may result in no loss of 

S('t* It. 79, 1 

” Si'i' fl. I'^flwarilrs, /in'., 43, 'iO.'i 

“ S. I'l (liiiisky, (iCiK'nil UrFfWiift* 'iD. l. pii^ 4 \s J)H 1 IS. 

** Si*(? ( tcnonil llrfi'iviKHi *^120./). 
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actual resolution and yet may V>e accompanied Ijy a very large gain 
in liglit transmission and an equivalent reduction in exposure tim^ 

20.9. Adjustment ot the Etalon. Mewsner® has described 
methods for rapid and correct adjustment of the etalon plates. A 
slieet of ground glass is placed in front of a cool mercury arc, and 
the etalon is set several meters in front of this. By relaxing the eye, 
which may be aided by using a low-power spectacle lens, and looking 
at tlie plates exactly perpendicularly, one can usually see the fringes. 
Adjustment of the various springs can then be ma e to contci le 
fringes. When the plates arc accurately paialle , movemen o le 
eye from side to side across the field of view should result m no change 

in size oi* sliaiie of the circular fringes. ^ ^ 

Adjustment is somewhat more difficiift for wide apaemgs; v.±en 

the sxjficei* is more than 60 mm thick, recourse s loii e a o le 
telescope Tnetliod of Meissner,®® 


S.-- 



JPlg. 20.1S. 



A typical spectrogfam obtained by crossing the Pab^-Porot etalon 
with the Wadsworth mounting of a concave grating. 


20.10. Crossing of Etalon Dispersion with That of a Spectro- 

scopo. Because of overlapping of orders in an etalon, it is customary 
:i._ ..II atrUii +11 nt nf n, ofisin or eriiting apectrograpn. 


to cross Its (iispersioii wn-n mi*-!. _ 

Prism instruments have ordinarily been used, but the gi-eat improve- 
ments in speed ot concave gratings have recently made grating mstrvi- 


iTieiiLa in speeu oi « - ^ , 

ments equally pi-nctical. A stigmatic apccli-oseope is 
however, since the interferometer fringe pattern is iisiinlly piojectec 
on the slit of the spectroscope by means of an achromatic lens o 
miirror. The rather wide slit ot the spectroscope is adjusted to cut 

1..* Mamrl Li.^in CP ciiic^c't'.rocFrn.ms 


miiri’or. xnc raiiier wiw . - 

through the tliametcr of the fringe system, producing spectrogra 

like tliat shown in Fig. 20.15- 


Sec Cicnenil Reference 30.3, pngc 415. 

» K. \V. Meissner. Geiior«r Ilcrerem« pnge 415 
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The interferometer can be illuminated by focusing an image of the 
souroc on the plates, ns in Fig. 30.10, or by sending parivllGl light 
through it. The latter arrangement is preferred if the light intensity 
is great, since the In terfero meter is wanned more uniformly by the 
radiation; but where sinall sources ai*c used, which must be greatly 
enlarged to fill the plate aperture, the difference is not great. The 
actual size of the fringe system clepends on the Focal length of the 
lens Zr or the equivalent mirror used, 600 mm being a useful focal 
length. 

A typical arrangement is shown in Fig. 30.10. bight from a stand- 
ard source 'Tt such as a neon discharge tube, a standard cadmium 
lamp, or a hoi low-<: at boric discharge, is focu.scd with an aluminized 
concave mirror M of 10 cm diameter anil 30 cm radius of curvature, 
on the center of the arc or other source of light being studied. This 





Fig. 20.16. Optical syst-ain for the use of the etalon with n spectroscope 

Cnonparaliel illumiaation.). 


focusing is dune because of the necessity of illuminating the entire 
intcrrcroinetcr-spcctroscopc system similarly and simultaneously by 
light From the two sources being compared, to avoid differences in 
fringe shape. Light from both sources i.s then fcKUi.scd on the inter- 
fcroincter by means of the achromatic len.s L, and again on the col- 
limator of the spectrograph by means of the high ifiuility achrornal Q. 
This Lens at the aaiiie time focuses the rings of the iiiterferoincbcr 
]>attcrn on the slit jS of the spectroscope. 

A somewhiit simpler and more compact arrangement is to put the 
liiterrcromctcr between the collimator lens and dispensing .system of 
the Spectrograph. This ciin be done with prism specbrograpli.s or 
with grating spectrographs of low aperture only, since very large 
iiiterfcroinctcr jilatcs must he used unless the aperture of the sy.Hteni 
is to he cut down. However, licre the different zones of the slit 
receive light From <lifVerent parts of the light source; and if the source 
emits slightly differeiii. wavelengths, variation.s that ai*c averaged out 
in bile first method will 1>e ])rodiiced, 'riie ]>lal.e.s in this method inii.st 


§20.113 INTEUFiSaOMETUIG SPJSCTROSCOPY 567 

Be larger and more uniform than in the preceding one; for this reason 
the latter method is more often arlopted. Other methods of illumina- 
tion are discuasecl by IVteiasner.*'^ 

20 . 11 , Reduction of Rtalon Pattems. Tlie routine determination 
of wavelengths from etalon patterns is complex even though straight- 
forward. The plate is placed in a comparator# and settings are made 
on four or five Fringes on either side of the center of a pattern. The 
order of interference e at the center of the pattern of the given line 
IS thus determined by measuring the diameters D of successive rings, 
using Eq. (20.2). A group of fringe diameters for a single line is 
usually reduced by root-mean-square methods. The thickness of the 
etalon. t having previously been measured ns closely as possible with 
n micrometer, and the value of e having been determined for a stnnd- 
UKi line, the nearest integral order of interference can be determined. 

Meissner®^ discusses various methods of reduction of the fringe 

tmtterns. ,i , 

■ 

It is found that the wavelength determined for n line lying at some 
distance., in the spectrum from a standard line used for determining t 
will vary with the thickness 'of t used. This effect arises because of 
a- ivavclength dependency of the change in phase of light on refiection 
at a metallic surface. By measuring a line with two or more etalon 
spacers, preferably one having a large and one a small value of the 
amount of this phase shift can be determined and a correction applied. 
For silver or aluminum plates, the correction needed may be as 
great as 0.01 A per 1000 A oF separation. 

Since standiird wavelengths are measured in air under standard 
conditions oF pressure and temperature, whereas wave numbers are 
always referred to vacuum, it is necessary to have the air within an 
etalon at the proper temperature and pressure, or to introduce cor- 
rections for deviations. Since wave numbers are the fundamental 
quantities desire<l, it is probably most siitisFactory to exhaust the 
etalon space and also the space surrounding the interfere me ter. 
Then wave numbers can be obtained directly from the reciprocals of 
wavelengths observed without the need for conversion tables involving 
the index of refraction oF air. 

The standard conversion tables for air to vacuum are those of 
AXeggers and Peters,^® which have been incorporated in Kayser’s 


Cioncraf Reference 40.3. 

W. I'*. nncl C. C. Fctern, Hulf. iVn/. /lur, Sfandanixt No. l-f, GOT (lOIT). 



568 


INTERFKROMETHIG SPEGTROSGO P Y 


C§20.12 


TaheUen der Schwingungzaklen-^ These exact (li.S]:)crsion values luive 
been called in question to some extent by later workers, eaijecially at 
short wavelengths, but the matter is not yet resolved, and the tables 
are used as standard tliroughout the world. When interferometry is 
carried out in vacuum, these tables are needed only for conv’crting 
to standard wavelengths in nir, which are less fiitidamental than 
wave numbers. 


20.12. Dlroct IDe termination of W^avelengtha from Fabry-Perot 
Patterns. Probably beeaiLsc of the complex and tiresome uornpiita- 
tions required for determinations of wavelengths by means of the 
ctiilon, fewer than 400 lines have been measured by this meiuis in the 
histoiy of spectroscopy, iiicliKlingall secondary wavelength standards. 
It has been desirable to give attention to simplified mutliods of wave- 
length de term illation from ctalon patterns. Iluriis^" has described a 
special comparator that reads <lirectly the squares of fringe diameters, 
thus eliminating the first stage of computation. Harri.son^*^ has con- 
structed a mficlimc callc<l the Winmac (wavelength interferometric 
meaSLii-ciTicut and com[)Litation) which carries out e talon computations 
autoinutically, permitting wavelengths to be rea<l directly from dials 
ns rapidly as tlic operator can set on the fringes, 

Winmac forms an attach incut to flarrisou’s automatic comj)ai'ator 
(§1).11). Light from a i)rojectioii lainji is sent through the iilatc 
being incasiired, and an eiil urged image of the line palbcrti is thrown 
on a screen in front of the o[>cratoi‘, by means of an oj)bical system 
thuL gives variable TnagniliciiLion without <listorbioii greater than 
1 part in 1000, between tlie limits 10 X and 20 X, On the screen is 
round a fiimily of parabolie lines as shown in Fig. 20.17. lly means 
of a handle, the screen can be moved up and down until a posibirm is 
round where each vepLi<!iil frillgt^ of tlic line pattern is intersected by 
a purubola, mid all sImjuIcI be so intersected at the same time. The 
]}artial order of iiitcrfereiice e can then be read directly from a dial 
connected to the screen. 


The ]jroiecti«ii screen Ls prepared 


by first deLermitiiiig the eonstants 


in Fq. (20.2), arranged to inciliitle the magiiifitration ]>rrMliiced in the 
specdrcjgnipli. The nnigiiifiejition is aiitoiiiaticHlIy tuIjiisLed to vary 
with jn-oL II nd tints one set of jiaraliohis .serves for all patlerns on a plate. 


II. KiiystT, 'J'ithrNfn tif‘r Sohu*hif/ , ReviNt^d hy AV. K. McjjKcrs, 
OrotUers, Ann .Vrlior, \Tic|i., 11)11. 

^ Iv, IliiniH, Jttur. iSfw. .l/w., 19, (]1)'2I)). 

Li. It. ETiirrisoii. Joitr. (}pt. iSVir, 36, 011 (lUlO). 
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To obtain eight-figure precision of wavelength mensaremeiit it is 
neccasary only to control the projection mngniRcation. to 1 part in 
iOOO, and tins controlling is clone inecluiiiically by the nitvchiiie. The 
niitoiuatic comparator gives wavelengths directly to five- or six-figure 
acciii’ftcy from the grating cUspersion; these X -values are converted 
raccliaiiioally to wave numbers, and by means of gears set to the 
proper value of /, the spacer thiclcness, tliey are converted again to 
orders of interference. Xlie order oti appears on an eight-figure dial, 
the last three figures of which may be compared directly with the dial 



Fig, 20. I*?, Family of parabolas for direct reading of e, the order of Interference, 

in the Wiamac device. 


giving 6. Thus to measure a line the operator first sets the line ])at- 
lei‘n on a horizon tnl cross hair, which gives X, o-, and vi to eight figures, 
of which only the first five are correct. The screen with ita parabolic 
marks is then moved vertically until the fringes are intercepted, giving 
a value of e correct to three figures. The last three figures on. the 
<lial are tlien turned slightly until they read the same value of c, 
whereupon the wave number and wavelength dials will also read 
eori'eetly to seven or eight figures, 

l-larrisoii and Ander.son^^ have developed a photoelectric scanning 
attachment For the machine described above. This attachment gives 
■e in a fraction of a second, and hence X. 


” t'n published. 



570 


INTETIFKROMETRIG SPECTROSCOPY 


[§20.13 


20.13. The Michelson- Williams Echelon. The echelon inter- 
ferometer was first envisaged by MicheJson** in the reflection form 
but proved too difficult of realization in this form, and the somewhat 
inferior transmission eclicloii was the only one realized for several 



Ftg. 20.18. The transmission echelon. 


decades. It consisted of from 20 to 40 glass plates of equal thickness, 
piled up as shown in Fig. 20.18. Ultimately W. E. Williams,*^ work- 
ing with the firm of Adam Hilger, Ltd., succeeded in milking n 
practicable reflecting in.striimetit. Ry optically contacting fused 
quartz or sUlca jjliiLes and croaLing these with a reflecting layer of 

filatinum, he was able to biiikl up 
an inLerferoinctcr in winch the 
spaciiigs between platc.s were held 
ecjiial aiirl the tliicknessos of the 
1 dates were tlie siiinc, to within yV 
fringe or better (Fig. 20.11)). The 
optical re(|uireinents on the re- 
flection ccheloi^are approxiinate- 
Fig. 20.19. The reflection echelon. ly fuiir times as great as on the 

tran.smlssion instrutneiit, but it 
lias the advantage of being usable at all wiivelcngths, and absolute 
wavelength vnlue.s can be obtained with it. It is tlie most exiiensivc 
and difficult to ]>reMluc;e of all in terfcroinetors, inquires lenses or mirrors 
of very long focal length to liriiig its patterns up to iisePiil size, and 
gives patLcrii.s in which intensity values may ho greatly distorted. It 

« A. A. Mlcliclswin. .Ulmphifa. Jour., 8, iVT (IHIJS); Pror. Am. Artifi., 35, 111 (1 81)0). 

W. K. WilliiiiiiH, .Vm/w/t, 127, HUI (19.11); Prttr, Phys. .S'w. (|.(iri(]oii), 45* 
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is inflexible, and if improperly construe te<{ or supported may give rise 
to ghost Images. It does not require a phase-change correction as 
does the Fabry-Perot, however, and is useful in supplementing that 
instrument for wavelengtli deter in in at ions. It Ims been rccom- 
mended widely for use in the vacuum ultraviolet where no other iiiter- 
ferometers are available, but has not as yet proved very practicable 
in that region because of the thin steps needed for short wavelengths. 

D, Ij. Mac Adam has carried out experiments with the instriunent in 
the fnr ultraviolet. 

20.14. Optical Systems Using the Reflection Echelon. This 
interferometer, when used in conjunction with a spcctroscopcj must be 


Source 

>k 



20.20. The WllUama mounting of the reflection echelon. Light from the 
source fiiJtti on n higli-pi'ccisiun which i» HitinLtccf nenr the fociiH hut slightly 

off the uxia of the niiilLipLc lens /-, n higli-qualily nchromat. Pnrnllcl lighl falls 
on the echelon, /C, which is moiintcd in n. biirostatc<l, thcrmoKtiiLccl chamber 
cupabic of fine oricnLiiLion. The return beam is brought to a foourt at the spoclro- 
grtiph slit iSx. 


mounted in parallel light. Various methods of mounting have been 
described by WlJliams,^'^ jMeissner,®^ and Tolan.sky-®® The most flex- 
ible mounting, that of Williams, is shown in Fig. 20.20. Either 
crossed or parallel dispersions can be used, since that of the echelon 
la so small as not to interfere with a spectrum of moderate complexity. 

Echeion spectra can be produced in either tlie single or two-order 
positions. To control this variability and to give a sensitive control 
over the exact order used, the instrument is commonly installed in 
nil airtight case in which tlie pressure can be delicately controlled. 
Although the echelon is theoretically faster than the etaloii when used 
in a practical optical sy.stem in a chamber enclosed with quartz 


“ CTCnonil llcfcrcnce 20,3, page M7. 

Goncsral llofcrence ii0.4, page iSl ef. aaj. 
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plates, Ritsclil has found that an e talon of cor resjion cling dispersion 
is faster. 

The dispersion of the reflection eclieloii is almost but not quite 
linear over n single order. According to a close approximation given 
hy Meissner,®* 



(20.7) 


in mm/A dispersion along the or 

dl Qff 
</X Xs 


(20.H) 


wliorc t is the step thickness, / is the focal length of the projecting 
lens, and s is the width of a step. Tlie dimensions s and I are usually 
about 1 and 7 mm, respectivcily, and 1700 mm is a reasonable vahic 
for /. From this value we obtain a dispersion of .5.3 inin/A at 
5000 A, or a plate factor of 0,19 A/mm. The dispersion increases 
linearly with |>liite tliickricss and the focal length of tlie lens used, and 
as the wavelength and step width are rQdiu:ed. 

The resolving power of a reflection eclicloii is given by the usual 
foi'iniila Nvi. In the cjise al)ovc, with 40 ])lates, N is 41. At wavc- 
Icngtli 5000 A the? order oP intcrFcn'cnce //X, or 7/5 X 10"“*, is 14,000, 
so that tlic resolving i>ower is 575,000, whereas the limit of resolution 
is about 0.02.5 cin“h 

The free .spetdral range between successive orders is given by 



or in wave niiinbc‘r.s as for llu’ etuloii. Thii.s for the case given 

above, the range tliiil. can be croveavd at one setting (at 5000 A) 
wit lion t oveiliip]>iiig i.s 0.18 A, or 0.7 cMn“b I'Vom the dispc^i-sioii 
given above, it will lie .seen tlial this value represeiiLs only ahoiiL 
1 inrii of plate lengLli, whieli empluisizes Lhesiimll .scale of thc^ patterns. 

( ( KX Kit A I. H KFKIi KXC ' KS 

20.1. CIi. Kabry, TjPM /i ppfirafityn^'t dfft hitrrffii^fiitvc.’r Itimiticufics. Paris; 

Ri'Viie ( !'( 


“Set* (i(‘iic*i'n1 Hef-cnsii'i' 2IKS, piif?** -iai. 
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plane, 114 

Tcilcctioii, 33, S'! 

Tcpiicns of, 85, 80 
Tcsolving poivcr of, 84, 35 
ruling of, SS, 85, 73i-74 
testing of, 03, 08 
trunsmissinn, 33 

DiiTmetion innxinium, S3, 120, 191 
DiflTrnetion pnLLcms* 38, 120-191 
DifTiiso density, S51 
Diffuse HcrieK, 230 

Dipole inmiicnt and rotational spectra, 

270 

Dircct-ciirrcTit amplifier, 313 
Direct-reading speetrometer For spcctro- 

cliemicnl analysifl, 470 
Direct-vision spcclrciscopcs, 57 
DiHclmrgc tiibcs, 188-102 
chnracLeriatics of, 1 88— 180 
elect rodclcHS, 180, 102 
pulsed. 107 

Dismvery »f elicinlcnl cloiucnls, 15-10 
Dispersion, 27-28, 31, 35, 207 
nugiilnr, 27, 31 
linear, 27, iili 
of diu>riLc, 51, 534 
of lithium fluoride, 534 
of opt leal glasses, 80, 51 
of prism iiiiileriulH, 51 
reeiprttcal, 28 
Dispersiem curve, 207 
Disphiceinenl law: 

of KohscI and .Soiiiiiicrfold, 258 
of Wien, 170 

Dissi>cinLion energies, fmiii dinloniie 

speeti'ii, 280 
Doppler effcirt, 20, 950 

bromtening due to, 540, 5.12 
Dniihle-swLcir, f«>r exp<Miiro Liming, S47 
Drift in radioiiicLcrs, 300 

K 

Eagle moiniling, 83 
Eherlinrcl elVecL, 155, 320 

rediieticm of, 155 

I'kiheletle grutiiigs, 30. 473, 488. 515. 555 
J’krhelon, Al ielielsiiii-WilliaiiiH. 57U 
reflccl ion, fi7{)“572 
Irtinsiiiissioii, 570 

ICehelon, reXlt'cliciii. 571 
1'k‘lielon s[K;ctm, 571 
J'^Jef;Lrk; field, efteet of; 

on iilciinic H|>«!Lm, 251—952, 550 
on inoleenlnr .siKsHra, 200 
1''le(?ti'ocleleHS iliMcliargc lubes, 102, 55 L 
ei renit for, 55 L 
Died i*of|eH, Kiiark, 1(13 
■‘'feel 1*011 tniifl [pliers, 31(1- 317 
i’ilec stroll spin. 240 
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Electronic energy lovcU: 
in atoms, S28— 243 
in molecules, 20D— 270 

Electronic spectra; 

diatomic molecules, 283—280 
rotational fino HtnicLurc in, 280 
vibrational structure of, S2S4 
polyatomic nujlcc iilcs, 260-203 

rotational line strucbiiro in, 201-203 
vibratictiinl structure of, 200-201 
Electronic struct nrcis of the atenns, Table 

of. MO 

Electron-volt, unit of Giicrf;fy, 2S2 
Emission spectroscopy, lO 

qualitative nimly sis by, Mae Qiiiililntivc 
analysis, specLmclicniicrut 
quantitative, sea QitniiLiLnLive iinuly.sis, 
spcct ri icho ni icu I 
EiTililBions, plifitO£rrf|.p]xic;; 
calibmLioit of. 32R, 33L— S33 
characteristic curve of, 14-1, 150 
characteristics of. 141—151 

varinlinn witli wavelet igtb, 151 
commcrciiLl, fttr spectrum pliotugniphy, 
150. 102-104 
composition of, 142 
density of, 143 
riev'clopers for, 157 
develop me lit of, 142 
fixing of, 142, 155—1.10 
for VAcinini iilLrii violet, 540 
grainincss of. 1-l-B 
luindliiig tif, 152—153 
hypcrsciisitiznl ion of, 131, 10<1 
liitilLidc of, 147 
negative. 141-105 
noriniil exposure of, 145 
oil-scnsitixcil, 541 
[diolomclric; chiimcleristics of, 327 
positive, 141 

proccssiiif^ of in pliologi'iiphic pEiotoin- 
elry. 348 

resolving pomfr tif, 148 
Kchiiniiiiin, 15 [ 

fic1cclif>ii tif, 1411 
seiiNitivilv €>f, 145 

sensilizccl, 1(11 
spccfl of, 1 40 

slanflarcliKiitiori cd, 343—340 
Hiilphiiric-iiricl-di^^ustcd, 54 1 
lurliitliLy of. 1 11) 

wavolengtli riinp^^s f>r sensitivily in, 104 
Kiichisofl arcs, 184—188 
crarbim, 188 

electrical cluiriiclcrisLies <if, 184-188 
tncliillic, 175-177 

'['aide of cluiniclcriKt ics of, 170 
Energy levels ; 
iiLoniic, 228-243 
iiioicculiir, 201-270 


Envelope of vibration-rotational hands, 

283 

E talon, Fabry-l*crot, 548, 553-555. 558- 

500 

acIjiiKtincnt of, 505 
cxjutings for, 50j-]— 505 

crossing of, -vvilli Kjicctrograjili, 505 
design ofj 500—503 
o jM^ra tioii of, 500-503 
rediiction of pnLtei’n.H of, 507 
rcMilving |>owcr of, 50U 
spacers ft>r, 502 

wavelength incitsinxMiiciit with, 508 
Excitation potcnLinl, 231, 232 
l''xeiLccJ sbitcH, 247 
Exit slit. 130-IJi8 
Excdiisiuii principle, I'auli, 2.^3 
Exploded wires ns Hoiirccs. 170 
Exposure, phiitognqdiie, timing of, 347 
Extinction coeniciejil, 303—300 
molecular, 305 
Extinction imints, 3R0 
Eye 

1 1 rightness, discriiniiiiition of, 378 
(Icnsity mulch by, 340 
speelral sensitivity of, 0 

F 

/-tdertnm, 230 

Fabry- l*erot ctaloii, nee Etalon, Eabry- 

rer4jt 

Far infi'iircd, .5, 472-473 
Fery spe(‘tl‘<>gra]}]i, 05 
Fidiiciiil murks: 

in cnnnpitniLtir, 212 

ill infrared speetrometer records, 48 J, 
488 

Fillers: 

< 'liristiiin.HiMi, 410, 473 
gjis(>oiis, 415 

glass, tnirisniissicin curves of, 414 

iiirrartMl, 473-474 

iiilcrrereiK'c, 415 

liiiuid, 415 

optical, 4|>li 

]>owder. for inrnircd, 473 

id Li'u violet, 4J4 
visible, 414 
Fixalhiii pairs. 402 

Fixing of plioLfjgriiphic: ciniilsiotis. 142, 

1 50 

l''lame arcs, 180 
I''liiiiie c\ci til lion, 178 
]’'Inine [duitomelcrs, 437 
Fin rnes: 

as light sources, 178—170 

as sounxis ill spe<‘t rod HU ideal iiiiaivsis, 
'1^17, 453 

Fial-tofiped spcetriiiii lines, 13-t 
Fliictuiitioiis ill (lurk ciirreiiL, 322-323 
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Fluoresconco, 203, 410-414, 4S1— 499- 
FI uorcitccncc spectroscopy, 14, 29, 410- 

414 

PI iioriine try, 410—114 

1*'luoririCi Hpcclrodicinical minlysis of| 440 

FI iiori to : 

dispersion of, 51, 534 
iiltravi(»1ct nbsorpLiun of, 5S2— 530 
Pociil isfilalion, 475 
l'\>ciisin£, 100—107 
FcK!iisiji|f lens, SI) 

Food nniilysis by fluorescence, 15 
1*\iod tccbiiuloj^y, Hi>ccLr(i!teupy in, 99 
Fftoils, niinlysis of, 

Forbitlilcti tninsiLions, 240 

]*\>rciisie spocLn>KCi)py, 25 

FOrslcrlinu j}riHiii, 58 

l*\>iJciiiiTL Kiiifc-eilgR test, 08, 108 

I'ViicLioiinl distill II tioii in spcotrociicmicnl 

mm lysis, 4^2 

Friiiick-(.-oiidon prinoipio, 284-285, 200, 

205 

IVitiiiihofcr Hues, 250 
I*'req Honey, 4 

'I'tibic (»r, ill nice Lrninitf^iic Lie speertru 111 , 8 
l'’i'iiiKcs, Fiibry-lVniL, 55 D 
I'liiulninoiitiil fi'iKiiicjicics of inolceiiles, 

200, 280 

n'liiHliiinonliil si'rios, 280 
I’^iiiiduineiiLids, 200, 280 



"f'liiiimik,” 145 

(■olireko- 1,1111 iiiulliidex iiiterreroiux^ spoc:- 

IriisodjM!, 554 

(icijj;or-M llllor ooiniLvr in s]HN.4rtu'lii‘iiiU'iil 

mill lysis, 407 

(ioissloi- till JO, 180, 550-55 L 

fioliitiii. ii]}Hcji‘pl{[in Ilf iihriiviolol by, 151 

Cioiiorid b'lert ric^-I Ijinly ])1ic>l(i(0i.K.'triu 

sf )oc4 n tplu jL< >]nt4 c‘I‘, 400' -I OK 
(iorlikc'li luid Srliwoi(7or inoLlind iif sjHit’- 

Irijclieniicid iiiiiib'sis, 402 
( iIiiisIh: 

l,yiimn, 44, 100 

HoU'lnndt 44, 100 
icsLiii^ for, 100 

(■lass, reflec'lioii of nil rii violet by, ■'i8<l 
(iliisst's, i>pli(‘iil, ilisper.siori of, 80, 51 

(HiiumfH’ftif'fti mi'lliod, 440, 458 
< do] Mir, 178. 470 
( do\v-dis<‘1iJirffe liilies, J80 
tiolfiy, cell, 808 -- 800 
( irainificss of oitiiiJsions, 148 

Cmpliile cliH'trodos. 180-18 1, 488, 454 
foi* .s]H'(‘l niche iiiicid niiidysis, 48K. 454 

Ciriilirif' ct|iiiili(m, 84, 75 

(ii rilling holders, 100 

jidjiisLinciil of, 101) 


GJaliSi 

Q . grating 

GtaainK-inowir. IfruUiiKH 

Ground state, 


oSiip ptassisj asi'* 


liTw “ o.i 

lialntion, 101 

12(1 251 518 

iUllf-Wlcltll ATM TTnir ; t » *•»!. aiM 
llardv Takrii- I hTx>uilth 

^ 45c-40e ® «P«:ln.pholonictw. 

liarrlson autoninlic cximpanUor, 228 2211 

_i rvcorilinu s|}celro- 

pUotometcr. 4U8-41U 

Jiartmnun cliaphciigiu, loi, 2 ii 2 
iLartitiann test, 101 

nrtixuknn s law of JiniiKK^hronjiilic pho- 
tometry, 32S 

Ilartmnnn’s -n-avelenglh fornmlu, 215 
ilayvs cctlj 308 

Head, band, 283 

Hent^ waves, 2 

in bolninetcrs, 308 

®biiTii, ultra violet ubsurpLitJU of, 582 

iletcroclironiatic i)hotuiiit*try. 820 . 812 - 

34G 


uses of, 342 

IIljgh-prc£Uiiirc mercury arcs, ISU-lSS 

1 ubte of clinruelerbitivs, 180 
JtilBcr <lcnsItomeU!r. :I58 

lIilj}cr->Culliiig poliirizing spectropho- 

tomcLer, 381-882 

pliotoclcctrie spcctroplioLuiiietor, 
4 U 6 

Tlcxilibcim alloy, 504 
lloEIow-cnlliodc discliurge liities, lUU, 551 
eirciiit for, 551 

in spcctroclieinicftl ouidysL), 440 
Ilomocbromatic pli«>toiiietrv, 32(1, 8;li>- 

342 


Ilniiiologoiis pnirs, 402 

IIoiiiiinfi|.s for vacuum spectrographs, 580 

ILiiiicrs rule, 243 

Jlyclrckg-cn : 

iiLoniic energy levels in, 220 
nlkiniic s|>ectruni of. 220 
disehurge lubes or,_ 11)1 
ultraviolet iib sorption of, 532 
ITyjierflnc structure. 547. 510 
of mercury green line. 547 
Hyj>orsensillzHti(3ri of iiifrarecl-scfi«ilii-e 

ciiinlsions, 102 

Hypo, 149, 15tt 
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1 

Ilfonl plates, IGS 
Illuminntion of spectroscopei 118-140 
Image, latent, see Latent linage 
Image of source, 120-131 
cniarge<l, 127 
Image, spectral 

optimum illtimi nation for, 130-133 
Incandescent arcs, 180-181 
Incondcacont electric lamps, 173-17J 
brightness of, 174 
color toinneraturo of, 174 
Inertia of pliotogmpliic emulsion, 140 
Infrared ausorplion: 
liquid cells for, 4BG-488 
measurement of, 484 
vapor c?clls for, 483 
Infrared filters, 473 
Infrared moiioclironintors, 70 
Infrared, pliotoclcciric, 5, 472 
Infrared, photographic, 3, 472 
Infrared prism materials. Table of, 477 
Infrared sources, 478 
InfrarcKl spectrometers: 
grating, 482-483 
prism, 477-483 
calibration of, 481 

Infrared specLrophotomctcrs, 48S-'i03 
Infrared spectroscopy, 472-303 
applications of, 40^1^-304 
astropliysicnl, 302—303 
biological, 302-304 
comparison irilli Hainan spcctroAcnpy, 
321-323 

molcculnr structure from, 300 
qimUtntivc analysis by, 404—107 
quantitative nnalysis by, 407-300 
Infrared siieclruni, 4-3, 472 
rotnLioiml absiirpLion in, 277 
selective reflector for, 474 
Lmii.Hinissinn of inntcriiilN in, 477 
vibratLonnl (ihsor[}Lir>ii in, 278-2K3 
Intensities of spccLriiin lines: 
dclcnninatitm of ratios of, 83-1 
Gstbinates of, 220 

in atomic spectra, 248-248 
photo cl ocLric incusurement of, 814-823 
pho Loan ip hie men sure men L of, 820-801 
rules for miiltiplcts, 248 
scales for, 4220 
sum rules fnr, 248 
Til tensity, radiant, 130—133 
Intensity I'lilcs in nloinic spcctm, 248 
InLeiisity-iimc curves for me iviiig- plate 

method, 443 

iiileruloinic distance, see Intern ueleiir 

ciistiince 

TiiterfcreTic'e fillers, 413 
1 n I erfero metric spectroscopy, 347-373 


Internal atandarda for quantitative analy- 
sis, 402, 327 

Intern iiclonr distance, determination from 

spectra, 2H0 

Interval rule in atomic spectra, 243 
Inverse-square Jaw, vuriatiou of intensity 

by. S4l 

Inversion rule in atomic spectra, 243 
Ionization potentials, 232 
Table of, 234, 233 
Ions, spectra of, 21, 235-230 
Isoclcetronic ions, 238 
IsoLopc-striicturc of spectrum linos, 347 

J 

Johnson noise, 812 

Jiidfl-Lcwis photo meter, 803, 304 

Jiidd-Lcwis spectrum coinpara tor, 204, 

203 

Julius suspension, 300 

■ 

K 

Kclostcroids, infrarcil spcctm of, 303 
KguITgI and ICsser color nuiilyzcr, 383 
Kiiifc-cclgc test. OH, 103 
Kocli micro<]cnsiioinctcr, 353 
KUnig-Mnrtcns s|>cc(ropliotonictcr, 370- 

SBl 

Krypton discharge Lubes, 331 

L 

7j, S coupling, 240 

I.iiiiihcrt, dcfliiilion of, 377 

Ijimbcrt's law of absorption, 302-30-4 

Tand^‘’s interval rule, 243 

Ditciit imiigc, 142, 143 

1,i)(.iltidc of plmtogniphic emulsions, 1-17 

T,ead, speclriHdicttiical niuilysis for, 400 

Ixaitl sulfide plioLoct'll, 318, 302 

liCnsos: 

care of, 1 13 

cylinrlriciil, ns condensing lenses, 120 
testing of, 07 

liifc of iiicniidescteiiL iilaiiieriLs, 174—173 
LigliL soiirisrs, 100-108 

applications of, 108 
ctiLliodoliiiiiiiiesceiit . 1 00 
classificiiLioii of, 100-107 
ilischargci tulics, 1HH-If>2, 550-352 
enclos<*(i ai'irs, 1 84-1 88 
for nhsorption spi^'LropliiitoiiicLry, 308 
for high resolution spwiroscopy, 350- 
552 

for Raiiiiin effect, 5(11)-513 

for s|>cclroc‘iieinKMi] nr in lysis, 437, 4,'I3 

for viiciiuni ultra violet, 540 

liiminoiis power of, 100 

mercury ares, 18-1-188 

incthocis of cxei Lit Lion, 100 
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Lfiglit Bourcfls (Coni.) 
open nroflt 170— 1S3 
apurkj}, lOsJ-lOO 

spccLrnl energy tlinlribution in, 107-lDa 
tlic sun, 107 

Tublo of clinractcrialics, 108 
Ihcrmiil, 170—170 
Ijiiiiib of res<iliitioii, 603 
1 line brondcniiig. 6-lH 
Ijnc nhitpc, llOi 6‘48 
Ijiiic spcctrA, 10, SJ08— 200 
liinear n^ierLuro, 28 
liincar tJiHpcp.iion, 27, 36 
IJiienr r<ilalor, 203 
Linearity of response, 300, 316 

IilticH, sjKictriiin, 2, 8 

flaL-toppcd, I!**! ■ ■ i 

liquids, linnclliiig of. m ajiccLrocliciiiicnl 

uiinlysisi 4'H 
Litbiiim fluoride: 

dispersinu «f. 63^ 
infrared ubsurplion of, 477 ^ 

III Irii violet nbwirptioii of, 6<J3 
LiLlpow iiiounf ing, 02—06, 478-470 

ilcfcet-H of, 02 

li^iadiug of pluLcli*>ltlcr, 164 
1 itigii rit 1 ] 111 ic sccL<»r, 33fl-}l30 

lAUv-pteKsurc tncrcury urta, 18-i . 

Jjiinicn, dcfinilion of, 100 | 

Liiiiinier-Bromlliiin pliolomclcr, 

l,utiuner-( Jclircko plale, 648, 664, 660-568 

liViniifi gliosis, 44* UMI | 

Lyman series in liytlrugen siwctrum, v^iU 

M 

Maguetie field* cfTeet of: 
on alomic* speetra* 2,'S2-26ll 
tin iiuilceiilar s|»cftni. 200 

Magnetic niliiliori a|ieftra, 200 
T^lajor eciiiHt itueiit* 44ti ^ 

Mnnuftteliirers <if speetniscHipie 

ukmiL List of, 60 

Martens lyi>c of polamiiig plniloiiieter, 
Master plidc speel mgriim of U- IL 

Master siH-^'lrogrnm, 447 

Matcli (loiiiis. delenimuilioii tif, .I_47, .IW7 
Matrix in s[HH'lr*a'lieniH'al analysis, ‘454-" 

460 

Maxim 11 111 piirlii'T, 226 
IVreasiireiiieiit nf sjai'lnigmiiis. 
?ileasiireiueiit of waveU' indium* live- 

length iiieiisiin'ineiit 

rifedii'ine, syavl ixiseony in. 21 

jMeggers-Sfrihiier rule, for r«n'j? vllutwjt, 

438 

jMei'i'iiry, spefi null cif, 2 tKI, it4iJ 
Mcreiiry-vayiur iliseliiirgu tulies, l^W 
Metal holonielers, 3(t3 


Metasta 



Metallic tires, I8l 
IVIctulliiruy, spectroscopy in, 24 

state, 347 
Alctnod of coincidences lq wavolcnslh 

monaurement. 316 

AlicticLson ^echelon, 6'18 
Microdcnsitometera, 860-301 

Micron, definition of, 4 

region, 1. 3 , 273 , 200 

..r? fibaorption in, 278, 206 
Mill il amber t, definition of. 377 
Millimicron, definition of, 4 
Mineralogy, spectroscopy in. 24 

MincmlsrTdcntifictition of, 26 

Minor constituent, 44 G 
Mirrora, care of, 116 

Molecular energy levels, summary c!hart 

of, 3S8 

Molecular extinction cneOlcient, 306, 800 
Molecular |iotcnlial curves, 271 
Alolccular spectra ia the vacuum ullm- 

violct, 544 

Istulcciilar alruclurc From infrared spectra, 

6Uti 

Molecular structure from Raman spectra, 

633-520 


cfiuip- 


l^Iolcciilcss, structure of. From spectra, 17, 

21, 600-^02, 633-620 
'Moll dcnslboniGter, 366 
Mull relay, ft'lO 

AfoiiiciiLs of inertia of molecules, 202 
IlIoiiocliroiiiBtora, 40, 00-70, 04-05, 310, 

477-484 

graliiigk 84—96, 482-484 
infra re<l, 70, 477-484 
priain, 00 

alii widtlis in, 130 
Iran sill i.saion factors of, 344 
iillmviolct, 03 
vail ('itlcrt, 70 
Morse curves^ 271—272, 286 
Aluiiiiiinga for grating spectrographs, see 

S| lecLroffrapha, grating 
Moving-plate nicLhods, 441—444 
MtilLiplc-l^cfliii photometers, 31M-300 
Multiple-exposure metliods in plioto- 

gi-aphic photOTuctry, 340 

IVrulLipIe prism, 63 
Mnltiplcta, 2t>l. 240 

Multiplicity in atomic spectra, 240, 241 
allcriiation of, 200 
Multiplier tubes, dec Iron, 310—317 
Multiply ionized atoms, 648 

N 

Nnliwttl brcncUlt of apccLrum line, 549 
Nt'Jir infrnred- 2—6, 47* 

Ncuiilivc rectlbuck, 811 
Nenisl glower, 177, 476-170 

NeiiLniliU'', 
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Nitrogen : 

spec tree hcmicnl nnfilysis of> 44Q 
111 IriL violet filifiorpLion of, 6S1 
Noise in pJiotocclbi, 

Noncoliercnt me lin lion, 118 
NonmiUineulencc grating s|>cctrogmplis 

for vn-ciiiiiTi ultraviolet, 5Sli 
Normal npcotriiin, 34 
Normal vibi'ntions, SCO 
Notcliocl-coliclon cell, 373, 306 
Notched 'ecbclon-ccll pliotoincter, SOC 

O 

Opacity, 143, 34)^, SCO 
Open arcs, 170-IS3 
Optical compuratrirH, 3o0 
Optical clcHHity, 143, 3Ga, flQO 
Option 1 filters, nee Filters, uptical 
Origin, bimd, 3BH 

Oscilloscope in spcctroclicmical analysis, 

408-1110 
Overtones. S280 

Oxygon, ultraviolet absorption of, fiOl 

P 

7*-bmiioli, as 1, 887 

/^electron. 83P 

Piinomniic properly, 301 

Parallel luiinls, 881, 887-8KK 

Pnselicn-RuiLgc mniinliiig. 70 

PiiHchen sci'icH in hyilrttgcn s|>cclriim, 880 

Pniili principle, *853 

l*er cent IransniLssLon, 305, 300 

Perioflic Tniilc, 853-800 

PerfKMHiicuiar imiiils, 881, 837— 8KH 

I’rijiul arc, 1S8. 818 
Priiiicl inirrckr, 470 
pll and absi'>r])Li»Ei spectra, 481 
l^llelc'}c^cl]s• 314—3*2.5 
<lii['k curium L in. 381 

incc»riK>riiti(tn in .s]>cclrr)graphs, 310 
Ph otciciicniicnl mcasiirctiiciiL uf ultra- 
violet railialirin, 548 
Pliotochennstry, 17 
I'iiotucoiiducLivc colls, 317—318 
Photcwoncliictivc cflccl, 314 
PlittLoelcclric colorimeters, 418 
I’lioLocIccLric c lens i Ionic Lers, 358 
PlioLcH'lGctrjc infrared, 5, 478 
Pliohcxdvct ric spcctroinelers, 38*1-^885 
Pilot) JO missive cells, 310 
PEujtoc missive cft'cct, 314 
1’hotoflasli laiiijis, 178 
Pholt ^gniphk: cmi'kroom, 153 
Pliolografiliie emulsions, .vra I'hnulriunis, 

pliol(igra[>liic 

Phologriipliio mil Lc rials, For vncmim iiUm- 

viotc't. 54(1 

Pliolngnifdiic pholoniclry, 141. 380-301 
s1i<jrL'CiiL tncliiods for, 340—350 


Photographic plates, sec also Emulsions, 

plioLogniphic 
bending of, 153 
coaling of, 1 53 
cutting of, 153 
developers for, 157 
for siicctrc»graphy, 141 
lianiiliiig of, 158—153 
processing nf, 155 
rapid drj^'ing of, 150 
stantlard sizes of, 152 
storage of, 158—153 
Photometers : 

Jiid(l-lx:wis, .303, .304 
inultiplc-hca in, 304— 3D0 
notchoil-eclieloii-iHill, 305 
Tolating-Kcclor, 303 
Spekker. 31)3 
split-beam, 303 
Photometry: 

lictorochromiitic. 380. 342—3^10 
Jiftmochroinatio, 380, 330-348 
photographic, 141. 380-301 
appiirntus for, 340-350 
cintilsions for, 310-347 
incLhods for, 340-il.'10 
processing of eunilsioiis, 348 
selection of spectrograph for, 340 
liming of exposures in, 340-347 
Photo niicrogra pll ic lamp, CciicnLl EJec- 

ti-ic, 175 

Photoixdiiys. 31 0 
PhotosynLliesis. 17 
Photovoltaic cells, 318 
Photovoltaic clfircrt, 314 

1‘hysics, ^ipeirlroscfipy in, 20 

Planck riiiliiiLioii Jaw. 171 
Plaiie-graling sp(u4.rograi>hs, see Spectro- 
graphs, grating, nfanc 
Inline gni Lings, Hee l)ilVraclion gratings, 

plane 

Planetary iitinosphf^rf*s, infrurail sjicclra 

of, 502 

]*late-ca1ibratioii iiietliods rr>r absorption 

Hpcurlroplioloriiel ry, 38U 
J^hitc faclcir, 8H, 35, 814. 815 
iMatc sLmidanlizal.ion, 343—340 
IMalcliolclcrs, 40, 80-88, 154 
loailitig of, 154 

for l^ischen-lliingc rnou filing, 80-82 
Platiiinin: 

1*01101:11011 of. 530 
siMKrlrocheniical analysis for, 458 
T^iieiiitiaLic ratlioiiicLcr, see (lolay cell 
Poi n Led ite, 17.5 
Pole effect ill Pfiiiul lire, 818 
I’olicc work, sjioclntsisipy in, 25 
PolyaLomic molecules: 

elec Ironic spectra oh 280-803 
vibrational si>ectnL of, 878-883 
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l^oKitivc-rny plates. 511 
PoLeiiLuil curves, 271-i7!e, 285 
Pfjwdcr li Iters, 473 
Prebiiniiiif' of electrodes, 431) 

Pi'cssiirc bruiideiiinff, 251, 2t)5, {140 
Pi’essurc eircici: 

on JiLoinie spectra, 251 
im inuleciilur speelni, 2t>5 
Priiicipiil qiiiintiiin niiinljer, 232 

l*riiicipii1 series, iUlD 

PrLsiii, iiifrurcd, 472 

Prism moiiocliromators, (ID 

Prism si]C'cLro|;niplis, see Spec Lrofpi^p] i h, 

prism 

Prisms: 

Amici, 53 

aiiffular tlisiwrKioii of, 31 
cure t>r, 1 15 
(Jornii, 52, 3l> 
diineiisitms of, 31 
dispersion of, 21), 30, 51, 52, 534 
fluorite, 52, 477, 534 
lithium fluoride, 52, 477, 534 
iniilLiple, 53 
PelHii-Droea, 5(1 
poljissiiim hrciniidc, 52, 477 
<liiurtx, 52, 477, 533, noe atm Speelro- 
^niphs. prism. c|iuirLiE 
reso)v{ii|;r ]KOver of, 31 

rock suit. 52, 477 
sylviiic, ,'52, 477 
testing i»f, 54. 1)7 
tliidHiim hroriio-iodidc, 477-47H 
Pro^ressi<Mi, hand. 285 
E*rt)je(‘l ion <'oiii[mriiltir, 210-212 
Pulsed tlis<-hurj^e Lillies, 1U7 

<I 

fi^-liruiieh. 2HI, 2S7 

( j uii I i 111 L i ve 1 1 II I1 1 y sis : 

l»y eniissioii specfrii. 11, 424-421) 
l»y iiifi'ur<Ml, 41)4-41)7 
liy lliMiiaii spe(4rii, ,'523-.^27 
spe(4ro|rrti|>1iie, of miiieriids, 1 1, 424- 
443 

Qiiaiil.iliilivc jinlysis: 

by infrHPed speclru, 41)7—530 
l>y Umiiiiu s[M‘<'1ni. 52(1—528 
spiK'LrcK'lieiiiieuI, 12, 453— 471 
jul viiiiLiif'es of, 451) 
liusic priH^t^durt; of, 'k> 1—453 
cniiliriit iiiii curve of pliotof'nipliie 
eniulsiou in, ‘l-ol) 

detcrmiiiul ion of exlreinely low cciri- 
(‘tuilral ions, 4(15 

dclci'ininiit ioti of IukIi <H)iict‘iilrti- 
liiiiis hy, 433 "4(15 
for iioii-iiit'l allic (‘leiiu'iils. 437 
nu'Lhod of internal sfanrlanlH. 432 
fiEiolcicIccl ric metliods for, 437—471 


rapid inclhods for, 400-407 
HI nil pie preparutiou fur, 454 
Kcicction of lines fur, 457— 15U 
iioicction of spcctrugruph lor, 450 — 
457 

Hourcos for, 453—154 
special metliods for, 4G1-471 
standiirds for, 454—455 
typical example of, 450 
working curve for, 457-458 
Qiiim tome ter, 4(H>— 170 
Qiiuntuiti number, princq^al, 232 
(Quantum ni]uibcr!i, 232-233, 233-273 
(-iuurlK : 

erystallliic, double refniclion of, 30, 62 
ultra violent absorplum of, 532-533 
Qiiart-z s|^K!eLr(i|;p'apli.s, sec KiJcclrognii>hs, 

prism, quartz 

R 

Tt-bTimcli, £81, SK7 
11. 1.:, cliarls. 233, 430. 437 
it. IJ. powrlers, £03, 43G 
HIKclrtiin 4if, 447 
Itiidiaiil iiitcii.Hity, 13U 

11 ntklal.ioEi : 

1 duck hoc 13 ', 170 

lliermal, 170 

ItiHliatloii detectors, noil photographic, for 

vaeiiiiiii iiUrjiviolcl, 542 
Itiidiaticiii sources, stv higlil soiirccH 
liiHliaLioii LcinE>eraLiire, 172 
Jt iiilirimclcrs, :M)1 
Itiicliciiiict ry. 301 

yfciVe?.-# tiiliruen, 20(1. 423-131. 447 
ItfiiiuiJi dfccL : 
diagram of. 507 
diHf!ei\'ery of, 530 
roliiLickiitil, 277 
viliraLiuiuil, 2TH-2K;) 

ItEimaii HjK‘<4ru. ikieiisiircineii L of, £(I0 
ItLllllHll .s]it‘c| rriKcopy. 5(J(t-.'f2U 
applications of, 521-545 
{miii]>jirisc>ii wil.li iiiFnircd, 521 -523 
exifiUilioii unit for, 51I~5[3 
filters for, .510—511 “ 

iiitenuily laeasiircineiiL in, 518 
light HoiiTx’CS for, 5()f)-5l() 
iiif lie eiilar struct urc from, 523—523 
photiH‘h‘c‘( ric dcltx!lioii in, 517—521 

prilfiriKution of lines in, 51H 
(|iia]ital ivc iinnlysis liy, 523-527 
cputiil ill! Live, analysis hy, 52G-52H 
.spe(>tT(igriipli.s for, 514-518 
l.echri{f|iie of, 538-501) 

I{n 3 ''lcigh f'rilcrion, 2H, 113, 120, 548 

Itaylirigli scatlcring, 533 

itcicH'ivci'. tlieTiiic'iuciiipIc, DOG 

Elec ‘ip roc'll] (lisijersion, definition of, 2R 

Jt(>cifiro(‘ity linv. 145 
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Recorders for radiomoterSt 313^814 
Recording densitometers, 858 
Recording mctliods in rndiometry, 300 
Reduced iruiss, SSI 
Reduction of etalon patterns, 507 
Reflecting powers of materinls in vacuum 

ultraviolet, 530 
ReQcction ecJielou, 554 
opticfll systems for, 571 
roBolving power of, 57S 
Replica gratings, 35, 80 
Reslduarrays, 474 
Resolving power, 28, SI, 110, 553 
of photographic emulsions, 148 
Itesonnnco broncloning, 540 
Resonance Oi tores ccncc, 200 
Resonance radiometer, 311 
Responsivity, 300 

Ile8i~«irakleH, sec Residual rays, 474 
Reversal, photographic, 145 
Reversed fines, 250 
Rolling the grating, 112 
Rotating-scctor photometer, 303, 307 
Rotational energy levels, 201-205 
diagram of, 201 

Rotational Hnc .struct iirc iti vibratuinal 

spectra, 280 
equation for, 281 

RoLationiil fine Htnicturc of an cIccLrunic- 

vibratiniiul band, 280, 201 

equation for, 2H7 
RoLationiil spcclm, 270 
Rotator: 

nsyiniiictricnl-Lop, 203 
linear, 203 
sphcricni-top, 203 
syiii metrical- top, 203 
Rowland circle, 73, 77 
Rowland ghosts, 44, 100 
Ilowliiiid inniinLiiig, 77 
II iiKscll -Saunders coupling, 240 
llydbcrg c<»nKlnnL, 228 
Rydberg scries, 228 

S 

s-cIcClron, 280 

Sa relights, 154 

Satellite lines, 555 
S<!hiininnn emulsion, 151 
Scliiimnnn plates, 540 
Schumann region, 530 
Scrap inelal, nnnlyHis of, 25 
Selection rules: 
iiLoinic, 240, 240 

clcctnuiic, ill dinlnitiic molecules, 284 
for Tiiolwiilcs, 270- 2D3 
vibrpiliciniil, in electronic njiccLrn, 284, 
201 

Selenium, spccLrochcmicnl annly.*tiH of, 445 
Sclf-ubsorplion, 550 


Sclf-elcctrodesj 4S7 
Self-reversal, 250 
Sensitive lines, 420 
Chart of, 430 

Xiist of, 481, Bce al90 Appendices 1 and 

2 

Table of, by elements, 574-581 
Table of, by wavclcngtlis, 582-580 
Tables of, 223 
Sensitivity, 147, 300, 315 

absolute improvement of, 434-430 
cxmccntrnLionul, 420 
of detection, 420 
absolute, 420— <128 
Table of elements, 428 
of emulsions, variation with wiivc- 
Icn^li, 151 

Sens! tixn Lion of ciniilaions, 101 
Scnsitonictry, 14<t 
Sequence band, 285 
Series, 228 
llahncr, 220 
diffuse, 230 
fimdamciital, 230 
layman, 220 
Paseben, 220 
principal, 230 
Rydljcrg, 228 
.sharp, 230 
Series Jim it, 228 
Series incf Tiber, 228 
Sharp NcricH, 230 
Shell nf electrons, 230, 254 
penetration of, 237 
Sirks’ construction, 02 
Slit wiiltli: 
choicro of. 121 
critical, 122. 123 
effect on sp(x.‘Lritl piirily, 134 
ciitriincc, 134, 130 
exit, 130 
Slits, 3(i-3« 

adjihstmciit of, KM, K)5 
exit, effect on kiwHtii] purity, 130 
jllimi inn lion of, 127-130 
by extended soiirtt*, 130 
pseudo use of lens for, 105 
.step, 3f}K 
Lest ing of, 00 
wedge. 3,38 
wide, use of, 134-130 
Sodiinu nloiu; 

energy levels in, 238 
series in, 23K, 230 
Smliiiiii-viiiMir lire, 188 

Siilariienlion, 145 

Solvent e1V<*ctM on molcc'iiliir si»ertrn, 207 
Solvents for absorption s]K!c.'l.rup1ioI o- 

mclry. 4 1 7-4 1 8 
Soiij'<‘Gs, are Liglil soiirecs 
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Spark olecLrodoR, 1D8 
Spiirks, lOiii 

aH iJOiircrcA in HpcutriiclicinicAl aualysis, 
■IrtS 

clmractcriiiLicA of, 1012—108 
clcctriciil circuit Tor, 101 
hot, ill vnciium, 105 
Spectra, iiirriircil, cntii1<>|fiicH of, 107 
Spectral lincA, ttee SiMctrum lines 
S|}cctra1 purity, .slit wirltli nntl, 181 
SpccLrnl series, 9i28 

Spcctroclicinicfil aiinlysis, sec also Qiinnli- 

tativc 11 nil lysis, spcctruclicinical t 
lijjflit sources for, 487 
master sjicctra^rniiis for, 480 
photo(p*nphic plates fur, 444 
sample re|K>rt of, 448 
Tables for, 481-4S3 
SpccLrof^rnms : 

ilcniiilioii of, 8 
cninrgciiieiit of, 155 
iticasurciuent of, flOH 
Spc!ctrogriip)iic luinlysis, cpiiililalivc. 494— 

410 

S]K:cLro|;raphic carbons, 488 

S|)coLn)grnp1is; 

aperture ratifi of, 48 
asLigniJilisin in, 45 

isiinpiirisoii of prism iind ipTiting, 40— 49^ 
48. 40 

tlcfliiitioJl of. 8 

cfRcieiiey of, 42 
grilling: 

Abney moiiiiLiiig, 78, 70 
niljnst lueni of. JOO-115 

iisLigiiiiitisiu in, ()t> 

cluius^ of mounting, 80 

e(»insivo. 78 

ICiigle nioiinling, 88 

roriisitig of. ]()7. 112 

For lliitiiiiii elfeeU 515—518 

for vn cull III nil rii violet, 585— 54(k 

gmziiig-iiieidencH*, ,188 

i.itlrow-iiioiinliiig of, 72 

iMi-ggers- Ihinis lyin*. 88 

norma l-iiieifli'iK*!'. 585-587 
I’liselieii-Kiingi; incninl ing. 70 
plane. 71 78 

adjust iiimil of. 1 14 
rediielioi] of asl iginnt isin in. 0(1-08 
llowliirul inoiiiil ing. 77, 80. 00 
staled ii III of luoiiiil ing for, 75 
s(.igiiiiil nioiml ing, 85 
lestiugof. 118 
Wads wort 1i moil III ing, 85 
a< lju stmeiit. of, 114 
niiituiiijilifin of. 1 IH 

iiieor|H>rat ion of piiolort'lls in, 810 
of iiigli resolving jiower, sclcflion nf, 
aii'i -555 


Siieetrographs: (Co«f.) 
prism, 51-70 

(liapcraion curve of, 207-200 
V^ry, 05, 00 
focnaing of. 10(5, 107 
for Itamnn clfcct, 514-515 
for vacuum ultraviolet, 582-535 
infmred, 477 
Ijittrow, 02-05, 08-00 
qiinrt?.^ 50-02, 00, 07 

apwificn lions of commercial, 388 
special design, 58 
testing of, 101 

M^itli iiiLcrcLuingcablc antics, 08 
ZeiHH, 58 

space requirements for, 47, 48 

of, 42 

Lmn.sinis.sion factor of, 43. 131, 133, 130 
viiciinm equipment for, 530 
with intercliengcnblo optics, 08 
,SpcGironiulcr.s, 8, 54, 50 
ndjusLinont of, 108 
infrared, 477-'tR5 
pliuLiHslcctric, 324 

for H|>cctrucliciiiica1 analysis, 407-471 
simple, 54 
wavclcngtli, 50 

SpccLnvplicilclomcter, Ccnco, 403-<t04 
SiicctT4>pluilonicLry-, eec Absorption apec- 

tropliotomet ry 

Si*cctr<kKC(>pcs, see aho SpccLrograplis: 
[lefliiiltuii nf, 7, 8 
direct- vision, 57 
trails 111 issinn factors nf, 1S3 
trails inissUni of ruclinnt power: 
exprc.ssion for, 188, 138 
fncLurs involved, 183-130 
SiK^‘t rows.) pic activity, 27Q 
Si>u‘<4nkscnpy : 

dclliuliun of, 2 

origins »f. 2 

iisr.H fkf, 15-25 
Spcelriitn: 

elei'iroiikagnciic. 1-7 
infi'iircnl.. 4-5 
phoEogrnpliy ^if, 141—105 
.H(ep, 835 

.siilidivisioiiH of, 2, 3 
nil m violet, fl-7 
visilile, 0 
weflge.. 3il5 
Siicelriini <‘liarts, 203 
SjH^c'triiiii linr.s, 2, 8 
by roinpiirisoTi. 201 
ilesi'i'iplive tic >l a lion for, 213 
e.stiinnles nf inUrn.sUies of, 218, 220 
nieiiLiticalum iiy appearance, 201 
irieiiLificalioii by wavelength. 207 
inleiisily pstiiiiales for, 218, 220 
nnliira] hrcndlli of, 510 
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Spectrum ]ine.*i (Coii/.) 
reversal oT, f£/IO 
sliapcs of, ‘IS 
Spectrum inn^iRcr, SOD 
Specular density, 351 
Speed of an cmnlHion, 140 
Spekker photometer, S03, 304, 307 
Spekker Stecloscopc, 5i, 55, 43(t 
Spliericnl-top rotator, S03 
Spin, electron, S40 
Split-beam photometers, 301 
Spreading of photographic image, IGt 
Standardization of cmiilsioiiH, 343— 34G 
light sources for, 343 
witli continuous source, 345 
SUirk effect, S5l-je53. SOG, 550 
Stationary states, ^231 
Statistical weight, 244 
Stccloacopc, 54, 55, 430 
Stcran-Bultsmaiin law, 171 
Step diaphragm. 3{18 
Step sector, 335—330 
Step slit, 33B 

Step wenkener, 330—337, 338 
Slcrndiaiicy, 131, 101) 

Stokes' ?aw i>f Jliiorcsco.nce, 508 
Stokes lines, 508 

Stripping of phottigrupliic pluLc in dv- 

vclopnicnl, L50 
Stnietiirc of inoleeiilcs: 

from infrarcil spccLrn, 500 
from Hainan Kpcclra, 5!i23-5'i2(i 
Sulfur, Kpccrlrocliciniciit atialyKis of, -t-l.'i 
Sum. rules fur iiiLciisilics in atomic sjn‘t‘- 

Lru, 248 

Sim: 

as u source ctf rncMalioti, 11)7 
sptHrtnuu of. 18-10 
Sun lajn]>s, L85-18G 
Symrnctrieiil-top ritlnior, 203 
Syiniiietry: 

and iiitrarcd spectra, .'>00-501 
and inolcculjir spcctni, 270-280 
and .Ha ran II spct'tra, 523-525 
inoicciiliir, 203. 200 
Sy sLo 111 , ha ml, 2H5 

'r 

'I'argct-pat l.crii lest, f>8 
'rdcsi^opc lens, 31) 

Tempera Lure, elfcf^L of: 

f>ii atoniii! spccLni, 240-250 
0(1 tuoleciilar Hi>cclni, 204 
'I'crm sy iiilifil; 
aloiiiie, 2-12 
ittoiccular, 271 
Testing: 

of diffract ion gratings, 03, 08 
of lenses, 07 

of prism spectrographs, 101 


Testing: (Cow/.) 
of prisms, 07 
of slits, 00 

“Tliuloiwlc” cell, 318 

Tlicrmul emission, see Uight sources, 

theriiitil 

Thermocouples, 305—308 

Tlicrmoclcclric dcnsiLotnclcrs, 355— 350 

Thermoluminescent dcLccLiun, 542 

'riicmiopilcs, 305—308 

Thorium lump. 178 

'I'hreshold of dcteclioii, 315 

'T'op, nuilccLiltir, 2G3 

'I'otnlly sy in metrical vihnitioiis, 2H0 

Traiisiiiission factor of spcclrograplis, 43, 

131, 133. 130 

'rransmissivity, 143, 305, .300 
Transition, 245 
'I'rniiMition probahilily, 240 
Tu listen, incandcs(*ciit : 
brightncHs of, 173-174 
€!olor tcinpcriitiirc, 173—174 
data for, 1 73-174 
sLcnuliaiicy of, 174 
Turbidity, 140 
“Twiii-'r" circuit, 311 
Tyudall scaLLcring, 500 

U 

I*lliiniiLe linos. 420. see n/so Htties vlftmes 
IHtniviolct iiliMirptioii sjiet^rophoLoin- 

cLry, set’ Absorption sjHS^Lroplio- 
tomcl.ry 

I 'ltraviolci s|H‘Cl.ruin, ihc, 0-7 
I -iidcrwalcr spark, 10.5 
L'viarcs, 184—180 

V 

Vacuum spark, 105 
I'aeuuiii ultraviolet: 

spet't rographs for, 531—540 
s|H'cf roKCNipty of, 530-.540 
u[t[>lieat ions of, 543 
N'iliralion-rolatUiJi linud. 281 
N'ibrnlioaal ciii'rgy Icvcds. 200-201) 
I'ilmiLiofiiil frc([iiciicics, 'J'able of, 270 
N'ibralioiinl spjccira, 2TK 

rolationid line .striiel lire* of, 280 
^'il}^a( ioiial sLriU'lnre of dialoinic s|HH'lra, 

284 

^'ibralil>Ils; 

liarnioiiic. 200 
norma 1. 2f!0 

iotally sy 1111111*1 rieal, 280 
I’isible s]K‘('l riiin, 0 

I'isiial bright ii(*ss disiTiinltial ion, 378 
\'isijal (1143 bods in sficclropliolonieLry. 

374-384 

^'isllal S|>C(4ros(‘op(‘s, 8, .50 57 
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